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DEVELOPMENT AND EVALUATION OF CONTROLLED 
VISCOSITY COATINGS FOR SUPERALLOYS 
(NAS 3-10486) 
ABSTRACT 
The f e a s i b i l i t y  of developing glass-based p r o t e c t i v e  coa t ings  
f o r  supe ra l loys ,  TD-Nickel, IN-100 and WI-52, was demonstrated. The 
a b i l i t y  of t h e  coa t ings  t o  p r o t e c t  supe ra l loys  from oxida t ion  w a s  
i n v e s t i g a t e d  by exposures of coated d i s c s  t o  a temperature of 1149°C 
(2100°F) a t  v e l o c i t i e s  up t o  20,000 rev/min and by exposures t o  thermally 
cycled combustion products  a t  v e l o c i t i e s  from 0 t o  400 f t / s e c .  
types of coa t ings  (g l a s s ,  c r y s t a l l i z e d  g l a s s ,  and two-phase 
admixtures) w e r e  developed and evaluated.  
t o  s u c c e s s f u l l y  recover  from impact by l i m i t e d  v iscous  flow and sub- 
sequent r ehea l ing  w a s  determined. One promising coa t ing  was developed 
f o r  IN-100 f o r  u s e  a t  1038OC (1900'F) b u t  n o t  a t  1149OC (2100°F). Other 
coa t ing  s u b s t r a t e  combinations w e r e  s u i t a b l e  f o r  less s t r i n g e n t  
environments. 
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I. SUMMARY 
Glass coa t ings  were i n v e s t i g a t e d  as ox ida t ion  p r o t e c t i v e  coa t ings  
f o r  t he  supe ra l loys  TD-Nickel, IN-100 and WI-52 f o r  t u rb ine  b l ade  appl i -  
ca t ions .  Glasses were considered d e s i r a b l e  s i n c e  due t o  t h e i r  continuous 
v iscos i ty- tempera ture  c h a r a c t e r i s  tics i t  seemed f e a s i b l e  t o  produce a 
coa t ing  which would by flowing r e h e a l  a coa t ing  penet ra ted  by a i rbo rne  
contamination and a t  t h e  same t i m e  b e  viscous enough n o t  t o  flow o f f  t h e  
b l ade  a t  t h e  h igh  b l ade  v e l o c i t i e s .  
Glasses were developed which coated the  a l l o y  w e l l  b u t  d i d  n o t  
have h igh  enough v i s c o s i t i e s .  Two o t h e r  approaches were pursued which were 
based on producing coa t ings  comprised of c r y s t a l l i n e  and g l a s sy  phases.  I n  
one case  c r y s t a l s  w e r e  nuc lea ted  and grown i n  the  g l a s s  by c a r e f u l l y  es tab-  
l i s h e d  hea t ing  schedule  and i n  t h e  o t h e r ,  they w e r e  mechanically incor-  
pora ted  i n  t h e  g l a s s  s l u r r y  and fused as a mixture  on the  m e t a l ,  
The coa t ings  w e r e  appl ied  by convent ional  po rce l a in  enamelling 
techniques.  Pre t rea tment  schemes were developed f o r  t h e  var ious  a l l o y s  t o  
f a c i l i t a t e  enameling. The g l a s ses  were melted,  quenched i n  water, ground 
t o  a f i n e  p a r t i c l e  s i z e  and app l i ed  t o  the  metals by spraying  i n  an  aqueous 
suspension w i t h  b inder .  I n  t h e  case of t h e  mechanically f i l l e d  systems a 
c r y s t a l l i n e  a d d i t i v e  w a s  introduced t o  t he  g l a s s  s l u r r y  p r i o r  t o  spraying.  
The coated a l l o y s  were placed i n  ovens a t  var ious  temperatures 
t o  b r i n g  about fus ion  of t he  powdered g l a s s  coa t ings .  The c r y s t a l l i z e d  
g l a s s  o r  g l a s s  ceramic coa t ings  were produced by a pos t  h e a t  t rea tment  of 
c e r t a i n  fused  coa t ings  whose compositions had been designed f o r  t h i s  
c r y s t a l l i z a t i o n .  C r y s t a l l i z a t i o n  w a s  no t  allowed t o  go t o  completion. The 
b e t t e r  coa t ings  were p r e l i m i n a r i l y  screened i n  a 1149OC (2100'F) to rch  test  
and/or  a 6 hour ox ida t ion  test a t  t h e  same temperature.  
a f t e r  t h e s e  tests were f u r t h e r  sub jec t ed  t o  20 one hour c y c l i c  ox ida t ion  
tests. 
The b e s t  coa t ings  
The su rv iv ingcoa t ingswere  subjec ted  t o  four  more 20 hour cyc les .  
1 
A f t e r  t h i s  test  only fou r  coa t ing  systems meri ted f u r t h e r  
eva lua t ion .  
coa t ing  on TD-Nickel and a mechanically,  c r y s t a l - f i l l e d ,  g l a s s  on both 
TD-Nickel and IN-100. The samples w e r e  c y c l i c a l l y  t e s t e d  i n  a c e n t r i -  
fuga l  s p i n  test a t  1149°C (2100°F) f o r  6 hours  and c y c l i c a l l y  t e s t e d  
i n  a t u r b i n e  s imula to r  a t  1038OC (1900'F) f o r  a maximum of 100 hours.  
This  l a t te r  temperature  w a s  chosen when a f t e r  t h e  s p i n  tests i t  became 
apparent  t h e  coa t ings  would n o t  su rv ive  the  h ighe r  temperature.  
This inc luded  one g l a s sy  coa t ing  and one c r y s t a l l i z e d  g l a s s  
Of t h e  fou r  systems t h e  pure  g l a s s  coa t ing  a lone  o f f e r e d  100 
hour ox ida t ion  p r o t e c t i o n  a t  1038°C (1900°F) i n  t h e  t u r b i n e  s imula to r .  
None of  t h e  coa t ings  o f f e r e d  100 hour ox ida t ion  p r o t e c t i o n  i n  an  oxida t ion  
furnace  a t  1149°C (2100°F). The concept of ob ta in ing  h igh  v i s c o s i t y  by 
c r y s t a l l i z i n g  t h e  g l a s s  d id  n o t  appear promising because of t h e  apprec iab le  
growth o r  d i s s o l u t i o n  rates of t h e  c r y s t a l l i z e d  phases i n  these  temperature 
ranges.  Glass c r y s t a l  admixtures apparent ly  f a i l e d  because of t h e  inhe ren t  
weakness of t h e  bond between t h e  non reactive a d d i t i v e  and the  s u b s t r a t e .  
None of  t h e  g l a s ses  are t h e r e f o r e  s u i t a b l e  f o r  t u r b i n e  b lades  o r  vanes. 
The lower . temperature r e s u l t s  i n d i c a t e  p o s s i b l e  s u i t a b i l i t y  f o r  combustor 
can o r  s imilar  a p p l i c a t i o n .  
From a compositional viewpoint,  the most i n t e r e s t i n g  a s p e c t  of 
t h e  coa t ing  development w a s  t h a t  good, adherent ,  thermal shock r e s i s t a n t  
coa t ings  w e r e  produced from g la s ses  i n  which a l a r g e  d i s p a r i t y  i n  thermal 
expansion occurred. I n  t h e  b e s t  g l a s s  t h e  r a t i o  of t h e  c o e f f i c i e n t  of 
the  metal t o  t h e  g l a s s  w a s  3:l. This i n d i c a t e s  a very s t r o n g  chemical 
bond which overcomes t h e  mechanical stress due t o  t h i s  mismatch wi th  
supe ra l loys  o r  T D N i .  I t  w a s  a l s o  found t h a t  several g l a s s e s  wi th  rela- 
t i v e l y  c l o s e  expansion match t o  T D N i  e i t h e r  f a i l e d  t o  adhere o r  t o  remain 
adherent  dur ing  ox ida t ion  t e s t i n g .  In the  program, g l a s ses  which match 
t h e  expansion of r e f r a c t o r y  metals (and wi th  h igh  s a g  temperature) and 
some which match i r o n  o r  steel  were produced. Both could b e  s u c c e s s f u l l y  
appl ied  t o  t y p i c a l  s u b s t r a t e s  w i t h  corresponding thermal expansion (T-222 
a l l o y  and i r o n )  b u t  n e i t h e r  coated material w a s  eva lua ted  f o r  ox ida t ion  
p ro tec t ion ,  etc.  Seve ra l  pa t en t  a p p l i c a t i o n s  f o r  t h e  more unique g l a s ses  
were submit ted ( p o s s i b l e  s o l d e r  g l a s ses ,  r e f r a c t o r y  m e t a l  coa t ing  l a y e r s ,  
e t c . )  - b u t  no success fu l coa t ings  f o r  use  on T D N i  a t  temperatures above 
1900°F were found. 
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11. INTRODUCTION 
Turbine b lades  are subjec ted  t o  many d e l e t e r i o u s  in f luences  i n  
gas t u r b o j e t  environments. I n  p a r t i c u l a r ,  one degrading in f luence  i s  
t h e  r e a c t i o n  of t h e  b l ade  metal wi th  t h e  ambient gases  ( p a r t i c u l a r l y  
oxygen) a t  t h e  e leva ted  ope ra t ing  temperatures.  S ince  l i t t l e  can  be 
done by way of a l t e r i n g  t h e  combustive mixture  of gases ,  ways of pro- 
t e c t i n g  t h e  metal are needed. 
Oxidat ion r e s i s t a n t  coa t ings  on t h e  metals are t h e  l o g i c a l  
so lu t ion .  I n  ord inary  t u r b o j e t  environments, a i r -borne p a r t i c u l a t e  
contaminat ion i s  p resen t ;  and a t  t h e  h igh  b lade  v e l o c i t i e s  involved can 
produce coa t ing  removal upon impact. 
t o  have t h e  coa t ing  possess  flow p r o p e r t i e s ,  such t h a t ,  i n  t h e  event  a 
small p o r t i o n  of t h e  coa t ing  i s  removed, t h e  c a v i t a t e d  reg ion  is f i l l e d  
and hea led  by flow of t h e  coa t ing .  
One s o l u t i o n  t o  t h i s  problem is 
The p r o p e r t i e s  requi red  of such a coa t ing  are t h a t  i t  have high 
temperature  s t a b i l i t y ,  be ox ida t ion  r e s i s t a n t ,  be  capable  of v i scous  flow 
and be  a p p l i c a b l e  t o  t h e  base metal. 
of i no rgan ic  g l a s ses .  Unlike c r y s t a l l i n e  materials, g l a s s e s  have con- 
t inuous  v i s c o s i t y  c h a r a c t e r i s t i c s  from temperatures  where they  are r i g i d  
t o  temperatures  where they  are very  f l u i d .  
g l a s s  composition can be  t a i l o r e d  so  t h a t  a t  t h e  use  temperature t h e  
g l a s s  w i l l  have t h e  d e s i r e d  v i s c o s i t y ,  i .e . ,  a v i s c o s i t y  where f low 
hea l ing  i s  poss ib l e ,  b u t  n o t  so  f l u i d  t h a t  t h e  coa t ing  flows o f f  t h e  
b lade  under t h e  a c t i o n  of t h e  c e n t r i f u g a l  f o r c e s  a t  high v e l o c i t i e s .  
Since inorganic  g l a s s e s  are gene ra l ly  oxides ,  they are very  s t a b l e  toward 
oxida t ion .  F i n a l l y  t h e  technology f o r  coa t ing  g l a s s e s  on metals has  long 
been understood and i s  t h e  basis f o r  convent ional  po rce l a in  enameling. 
Such p r o p e r t i e s  are uniquely those  
This  means t h a t  i n  theory  a 
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The scope of t h e  c u r r e n t  p r o j e c t  confined our  i n t e r e s t  t o  
g l a s s  composi t ional  systems which were known t o  y i e l d  high v i s c o s i t i e s ,  
namely the silicates. Compositional modi f ica t ions  w e r e  made t o  achieve  
a compromise between h igh  v i s c o s i t y  and a p p l i c a b i l i t y .  
The fol lowing r e p o r t  desc r ibes  a r e sea rch  program wherein high 
v i s c o s i t y  g l a s sy  coa t ings  were developed f o r  a p p l i c a t i o n  t o  va r ious  
supe ra l loys  and t e s t e d  i n  s imulated t u r b o j e t  environments. 
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111. COATING COMPOSITION DEVELOPMENT 
A. Coating Background 
I n  developing g l a s s  coa t ings  f o r  t h e  supe ra l loys ,  two sets of 
cr i ter ia  had t o  b e  considered.  The f i r s t  d e a l t  w i t h  t h e  rheo log ica l  
p r o p e r t i e s  of t h e  coa t ing .  
composition on adherence. 
adherence is t h e  expansion match of coa t ing  t o  metal. Glass coa t ings  
usua l ly  have o r  are s e l e c t e d  t o  provide  a s l i g h t l y  lower expansion 
which leave them i n  compression once appl ied .  
is  d e s i r a b l e  s i n c e  g l a s s e s  are f a r  s u p e r i o r  i n  compressive s t r e n g t h .  
With l a r g e r  expansion mismatches t h e  coa t ing  th ickness  must b e  reduced 
t o  minimize the  i n t e r f a c i a l  stress. A l i m i t a t i o n  proposed by t h e  
a p p l i c a t i o n  procedure is  t h a t  t h e  temperature  of app l i ca t ion ,  and 
consequently the  v i s c o s i t y ,  must b e  such t h a t  t h e  coa t ing  may b e  fused 
below t h e  temperature a t  which t h e  metal deforms. 
The second d e a l t w i t h  t h e  e f f e c t s  of 
Normally t h e  most important  proper ty  i n  
This  s t r e s s e d  condi t ion  
Another compositional f a c t o r  i s  less w e l l  understood. I n  t h e  
enameling of f e r r o u s  materials, s m a l l  amounts of oxides  (COO, N i O ,  CdO 
and Fe 0 ) promote adherence.  It w a s  n o t  known whether t hese  materials, 
o r  some o t h e r  a d d i t i v e  would h e l p  i n  t h e  development of adherence i n  t h e  
supera l loys .  
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B. Metal P r o p e r t i e s  
Three supe ra l loys ,  IN-100, WI-52, and TD-Ni,  were procured 
from va r ious  s u p p l i e r s  during t h e  pe r iod  of t he  con t r ac t .  TD-Ni w a s  
ob ta ined  from E. I. DuPont de Nemours i n  nominal 60 m i l  s h e e t s ,  whi le  
WI-52 and IN-100 were obtained from t h e  Misco Div is ion  of t h e  Howmet 
Corporation as 1" x 2" x .100" c a s t i n g s .  
WI-52 and IN-100 were a l s o  obtained from Misco as 60 m i l  c a s t i n g s ,  whi le  
t h e  4" s p i n  d i s c s  of TD-Ni were machined from t h e  60 m i l  shee t  s tock .  
The 4" diameter s p i n  d i s c s  of 
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The chemical compositions of  t h e  t h r e e  materials are l i s t e d  
i n  Table I. The linear thermal expansions of t h e s e  materials w e r e  
measured by t h e  Materials Tes t ing  and Evaluat ion Laboratory a t  t h e  
Westinghouse Research Labora tor ies .  The thermal expansions of t h e  
supe ra l loys  are shown i n  Figure 1 wi th  c o e f f i c i e n t s  of l i n e a r  thermal 
expansion. 
C. Composition Background 
Cer t a in  w e l l  known working p r o p e r t i e s  of g l a s s e s  have been 
def ined  i n  terms of t h e i r  v i s c o s i t y .  
temperature  which corresponds t o  a v i s c o s i t y  of 10 poises ,  and is  t h e  
p o i n t  a t  which internal stresses are r e l i e v e d  i n  a matter of minutes.  
The aerodynamic shea r  requirements i n  t h i s  program r e q u i r e  t h a t  any 
g l a s sy  material contemplated as a coa t ing  have a v i s c o s i t y  of lo1' po ises  
a t  t h e  use  temperature.  This number i s  ca l cu la t ed  using the  formula i n  
Appendix A, and i s  t h e  v i s c o s i t y  requi red  f o r  a coa t ing  t o  flow t o  h a l f  
i t s  o r i g i n a l  th ickness  i n  100 hours i n  a c e n t r i f u g a l  s p i n  test a t  20000 rpm. 
The tendency t o  speak interchangeably about temperature and v i s c o s i t y  
must be  recognized a t  t h i s  p o i n t  since, f o r  any given g l a s s ,  t h e  logar i thm 
o f . v i s c o s i t y  i s  l i n e a r l y  r e l a t e d  t o  t h e  r e c i p r o c a l  of temperature reduced 
by a cons t an t .  
The anneal ing temperature i s  the  
1 3  
To achieve t h e  des i r ed  v i s c o s i t y  t h r e e  approaches t o  t h e  
coa t ing  problem were considered;  pure g l a s sy  coa t ings ,  c r y s t a l l i z e d  
g l a s s  coa t ings ,  and mechanically f i l l e d ,  g l a s s - c r y s t a l  admixtures.  These 
t h r e e  phases of  development w i l l  be  d iscussed  sepa ra t e ly .  
C . l  Phase I. Glass Coatings 
A t  p re sen t  t h e  only s t a b l e  g l a s s  known t o  have an anneal ing 
temperature  above 1000°C (1832OF) is  fused s i l ica .  Unfortunately t h i s  
material has  a thermal expansion c o e f f i c i e n t  near  zero.  Alumino-si l icate  
g l a s s e s  were t h e  b e s t  candida tes  f o r  t h i s  i n v e s t i g a t i o n  i n  view of t h e i r  
known h igh  v i s c o s i t y  and gene ra l ly  h ighe r  mel t ing temperatures.  Modifi- 
c a t i o n s  of t h i s  system were made t o  achieve favorable  expansion matches, 
i n  h igh  v i s c o s i t i e s  as measured by sag  p o i n t  (J. Am. C e r a m .  SOC. - 45,113,1962) 
and good adherence. 
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Glasses were thus  i n v e s t i g a t e d  i n  t h e  system S i 0  --MO--R 0 -- 
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TO2--A 0,  where M refers t o  Mg2+ and Ca2+; R t o  A13+, Cr3+,  and Fe3+; 
A t o  d and Rb+; and T t o  Zr4+ and Th 
were: 
R203, and TO2 concent ra t ions  ad jus t ed  t o  o b t a i n  a s t a b l e  g l a s s  of h ighes t  
anneal ing temperature.  
by a d j u s t i n g  t h e  concent ra t ions  i n  t h e  d i r e c t i o n  of h ighes t  so f t en ing  
temperature which could b e  app l i ed  wi thout  damage t o  the  s u b s t r a t e s .  
4+ 
A 0 ,  5 t o  15 mole percent ;  and MO, 2 
2 . The range of compositions 
Si02,  65 t o  80 mole percent ;  
Systematic  compositional changes were then  made 
Modif ica t ions  were made according t o  t h e  fol lowing guide l ines :  
The a d d i t i o n  of a l k a l i  w i l l  decrease t h e  h igh  and low temperature viscos-  
i t i es  wi th  l a r g e r  a lka l i  ions  be ing  less e f f e c t i v e  than  smaller ions ;  
t h e  a d d i t i o n  of CaO o r  MgO w i l l  decrease  t h e  high temperature v i s c o s i t y  
more than t h e  low temperature  v i s c o s i t y ;  
w i l l  decrease  t h e  low temperature v i s c o s i t y  more than  t h e  h igh  temperature 
v i s c o s i t y ;  and t h e  a d d i t i o n  of  COO, N i O ,  CdO and Fe 0 w i l l  promote 
adherence. General ly ,  h igh  v i s c o s i t i e s  are assocfa ted  wi th  low thermal 
expansions and h igh  s o f t e n i n g  temperature as a r e s u l t  of a d d i t i v e  
modi f ica t ions  w i t h i n  t h e  same g l a s s  s t r u c t u r a l  system. 
t h e  a d d i t i o n  of ZnO o r  BaO 
2 3  
Unfortunately a l l  of t h e s e  composition "guide l i nes"  are only 
t h a t ;  and compositions s t i l l  m u s t  b e  prepared since g l a s s  science has  
no t  y e t  progressed t o  the p o i n t  t h a t  p r o p e r t i e s  may be  p r e c i s e l y  pre- 
d i c t e d  from compositions. Thus t h e  problem w a s  t o  g e t  t h e  r i g h t  
combination of thermal expansion w i t h  h igh  and low temperature v i scos i -  
ties. 
Approximately 30 compositions w e r e  prepared i n  t h i s  phase of 
g l a s s  development. The s o f t e n i n g  temperatures  were rap id ly  determined 
from t h e  sag  p o i n t s  a t  which temperature  t h e  v i s c o s i t y  i s  approximately 
l o l o  po i ses .  
a l s o  measured. 
The thermal  expansion c o e f f i c i e n t s  of t h e  g l a s ses  w e r e  
The t a r g e t  f o r  t h e  f i r s t  p a r t  of t h i s  program w a s  t o  develop 
a g l a s s  composition which would have a sag  po in t  above 700°C and a 
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thermal expansion lower than  t h a t  of t h e  m e t a l  t o  be  coated. The d a t a  
of Table I1 show t h a t  many g l a s s e s  w e r e  developed wi th  p r o p e r t i e s  c l o s e  
t o  those  des i r ed .  
The approach used t o  apply t h e  g l a s s e s  w a s  der ived from t h e  
a r t  of po rce l a in  enameling. A po rce l a in  enamel coa t ing  i s  e s s e n t i a l l y  
a t h i n  l a y e r  of g l a s s  appl ied  t o  a m e t a l  as a powder and fused a t  a 
temperature  and t i m e  such t h a t  t h e  powder m e l t s  and forms a continuous 
and adherent  g l a s sy  l a y e r .  
I n  o rde r  t o  form a uniform and reproducib le  coa t ing ,  four  
a p p l i c a t i o n  and/or  fus ion  methods w e r e  i n v e s t i g a t e d  wi th  g l a s ses  of 
proven enameling a b i l i t y .  These were as follows: 
1. Gravi ty  dipping from a s l i p  p lus  furnace  fus ion .  
2. A i r  spray ing  from a s l i p  p lus  furnace  fus ion .  
3. Plasma spraying wi th  simultaneous fus ion .  
4 .  A i r  spray ing  from a s l i p  p lus  induct ion  fus ion .  
Gravi ty  dipping d id  n o t  produce a uniform coa t ing  due t o  the  inhe ren t  
presence of a " t r a i l i n g  edge". Plasma spraying would have been an i d e a l  
s o l u t i o n  as t h e  g l a s s  would have been appl ied  and fused w i t h o u t - t h e  h e a t  
d i s t o r t i n g  t h e  s u b s t r a t e ,  b u t  t h e  low gas v e l o c i t i e s  of t h e  a v a i l a b l e  
equipment p roh ib i t ed  t h e  g l a s s  powder from flowing and forming a uniform 
coat ing.  Induct ion  hea t ing  w a s  imprac t i ca l  wi th  TD-Ni s i n c e  t h e  material 
i s  ferromagnet ic  and above i t s  Curie  temperature t h e r e  are s i g n i f i c a n t  
changes i n  i ts  induc t ive  requirements.  A i r  spraying techniques and 
subsequent furnace f u s i o n  were then  employed and uniform and reproducib le  
coa t ings  obtained.  
The g l a s s e s  appl ied  as coa t ings  t o  t h e  supera l loys  w e r e  
ba l l -mi l l ed  i n  po rce l a in  j a r  m i l l s  w i th  water and a suspending agent  t o  
form a -200 mesh s l i p .  
t h i n  coa t ing ,  whi le  smaller p a r t i c l e  s i z e s  tended t o  c raze  be fo re  f i n a l  
f i r i n g .  The method of s l i p  p repa ra t ion  is shown i n  Table 111. 
Larger p a r t i c l e  s i z e s  would no t  form a uniform 
I n  genera l  t h e  development of an acceptab le  bond between a 
g l a s s  and a m e t a l  depends f i r s t  on t h e  g l a s s  we t t ing  t h e  metal and then 
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on both  a mechanical i n t e r l o c k i n g  and a con t ro l l ed  r e a c t i o n  between t h e  
g l a s s  and t h e  metal a t  t h e  i n t e r f a c e .  
depends on minimizing t h e  g l a s s  th ickness  t o  produce a low stress l e v e l  
The degree of adherence a l s o  
a t  t h e  i n t e r f a c e .  
I n  many cases a t rea tment  of t h e  m e t a l  p r i o r  to- enameling 
promotes b e t t e r  adherence than  an un t r ea t ed  s u b s t r a t e .  
t h a t  w e r e  i n v e s t i g a t e d  included roughening t h e  s u r f a c e  by both sand- 
b l a s t i n g  and a c i d  e t ch ing ,  applying an  oxide f i l m  t o  t h e  metal p r i o r  t o  
coa t ing  by p r e - f i r i n g  i n  an  air  atmosphere, and p l a t i n g  a chromium l a y e r  
on t h e  s u r f a c e  as a p r o t e c t i v e  l a y e r .  I n  a l l  cases t h e  metal w a s  c leaned 
by washing wi th  cleanser and c l ean ing  wi th  acetone followed by methanol 
p r i o r  t o  pre- t reatment  t o  remove d i r t  and grease .  
The p r e t r e a t m e n t s  
The success  o r  f a i l u r e  of t h e  g l a s s  t o  t h e  metal s u b s t r a t e  
bond w a s  determined by t h e  amount of g l a s s  adhering t o t h e  m e t a l  a f t e r  ~ 
metal deformation, t h e  r e s i s t a n c e  of t h e  coa t ing  t o  649°C (1200°F)-to- 
water-quench-thermal-shock and t h e  v i s u a l  appearance of t he  coa t ing .  
The r e s u l t s  of t h e  above pre t rea tments  i nd ica t ed  that t h e  "as-cast" 
condi t ion  of WI-52 and IN-100 gave s a t i s f a c t o r y  adherence and hence 
they were only cleaned p r i o r  t o  coa t ing .  A pre-oxidat ion cyc le  w a s  
found b e n e f i c i a l  t o  TD-Ni i n  t h a t  t h e  t h i n  oxide f i l m  t h a t  w a s  formed 
increased  the  a b i l i t y  of  t he  g l a s s  t o  w e t  t he  s u b s t r a t e .  The m e t a l  
pre-treatment techniques t h a t  were employed f o r  a l l  subsequent 
a p p l i c a t i o n s  are i n d i c a t e d  below: 
* 
Metal 
TD-Ni 
WI-52 
IN-100 
P r e-T r e a tmen t 
Clean and Pre-oxidize a t  871°C f o r  3 minutes 
Clean t h e  "as-cast" material 
Clean t h e  "as-cast" material 
.k 
* 
* 
I f  t h e  s u r f a c e  of t h e  cas t ing  w a s  changed by subsequent m e t a l  f i n i s h i n g ,  
a l i g h t  60 mesh sandb las t  w a s  used. 
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The g l a s s e s  t h a t  were developed f o r  t h e  c o n t r a c t  w e r e  appl ied  
as 5 m i l  t h i c k  coa t ings  t o  pre-oxidized 1" x 2" x .060" TD-Ni pane ls .  
Glasses t h a t  formed acceptab le  coa t ings  on TD-Ni w e r e  then evaluated as 
5 m i l  coa t ings  on IN-100 and WI-52. The g l a s s  composition numbers t h a t  
are i n d i c a t e d  on Table I1 w e r e  modified by t h e  a d d i t i o n  of a le t ter  
des igna t ing  the  metal when they are eva lua ted  as a supe ra l loy  coa t ing .  
For example, Glass 3 becomes T-3, 1-3, o r  W - 3  when i t ' i s  a coa t ing  on 
TD-Ni ,  IN-100, o r  WI-52. The g l a s s e s  w e r e  fused  i n  an a i r  atmosphere 
f o r  3 minutes a t  t h e i r  optimum furnace fus ion  temperatures.  The fus ion  
temperatures  were s e l e c t e d  from t h e  r e l a t i o n s h i p  between sag p o i n t  
temperature  and a p p l i c a t i o n  temperature t h a t  w a s  developed a f t e r  numerous 
t r ia ls  and which i s  depic ted  i n  Fig.  2. It should b e  noted t h a t  t h e  
a p p l i c a t i o n  temperatures were ambient furnace temperatures and n o t  sample 
temperatures.  The optimum a p p l i c a t i o n  temperatures t h a t  were used are 
included i n  t h e  g l a s s  composition d a t a  on Table 11. 
The coa t ings  w e r e  eva lua ted  v i s u a l l y  t o  determine t h e  wet t ing  
of t h e  g l a s s  t o  t h e  metal, t h e  presence of p inholes ,  and the  a b i l i t y  
of t h e  g l a s s  t o  resist d e v i t r i f i c a t i o n .  The coa t ings  were a l s o  eva lua ted  
f o r  adherence and thermal shock r e s i s t a n c e .  The adherence test w a s  t h e  
t y p i c a l  i n d u s t r i a l  p re s su re  deformation method i n  which t h e  m e t a l  i s  
deformed by 1250 l b  of p re s su re  exer ted  on a 1" c i r c u l a r  d i e .  The 
adherence i s  then judged by t h e  degree of g l a s s  adhering t o  t h e  deformed 
metal. 
f a i l e d  due t o  t h e  s e v e r i t y  of t h e  test. 
w a s  eva lua ted  by the  appearance of t h e  coa t ing  a f t e r  a 704°C f o r  2 minutes 
t o  water quench cyc le .  The r e s u l t s  of t h i s  i n v e s t i g a t i o n  are summarized 
on Fig.  3 i n  the  Phase I-Preliminary Evaluat ion Sec t ion .  
These eva lua t ions  were l i m i t e d  i n  va lue  as a l l  t h e  samples 
The thermal shock r e s i s t a n c e  
The pre l iminary  eva lua t ion  e l imina ted  a l a r g e  number of 
coa t ing  systems. 
p a t i b l e  w i th  t h e  s u b s t r a t e .  
g l a s s  n o t  we t t ing  the  s u b s t r a t e  s u f f i c i e n t l y  t o  form an adherent  and 
uniform coa t ing ,  o r  t h e  i n a b i l i t y  of  t h e  g l a s s  t o  react wi th  t h e  s u b s t r a t e  
t o  t h e  proper  degree t h a t  would enable  i t  t o  form a n  adherent coa t ing .  
The coa t ing  systems t h a t  were r e j e c t e d  w e r e  n o t  com- 
This  i ncompa t ib i l i t y  w a s  due e i t h e r  t o  t h e  
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The 1 3  coa t ing  systems t h a t  were s e l e c t e d  f o r  f u r t h e r  eva lua t ion  are 
underl ined i n  t h e  Phase I - Pre l iminary  Evaluat ion Sec t ion  shown i n  
Fig. 3. 
C.2 Phase 11. C r y s t a l l i z e d  Glass Systems 
A t  t h i s  phase of t h e  g l a s s  composition development i t  w a s  
clear t h a t  t he  r ehea l ing  p r o p e r t i e s  were achieved wh i l e  t he  v i s c o s i t y  
p r o p e r t i e s  ob jec t ives  as ind ica t ed  i n  c e n t r i f u g a l  t e s t i n g  were n o t  being 
a t t a i n e d  and t h a t  more composition development was necessary.  
One way of achiev ing  h igh  v i s c o s i t y  coa t ings  i s  t o  inco rpora t e  
p a r t i c u l a t e  material i n  t h e  v iscous  g lassy  mat r ix .  This  produces an 
e f f e c t i v e  v i s c o s i t y  which i s  h ighe r  than the  g l a s s ,  while  t he  g l a s s  
phase w i l l  s t i l l  flow and permit  t h e  r ehea l ing  processes .  
may be  brought about i n  two ways. 
developed i n  s i t u  by c o n t r o l l e d  c r y s t a l l i z a t i o n .  One drawback t o  t h i s  
l a t t e r  technique is  t h a t  once c r y s t a l l i z a t i o n  has  proceeded ' to  some 
predetermined level i t  must be a r r e s t e d  so  t h a t  t h e r e  w i l l  be  a g l a s sy  
phase p re sen t .  
The inc lus ions  
They may b e  mechanically added o r  
I n i t i a l  t r i a l s  were made wi th  a base  g l a s s  having t h e  approx- 
i m a t e  composition 7SiO -3Na20-3A1 0 -4Ca0. This composition w a s  s e l e c t e d  
s i n c e  t h e  corresponding c r y s t a l l i n e  phase m e l t s  a t  about 1160°C (2120°F). 
The g l a s s  w a s  doped wi th  up t o  5% f l u o r i n e ,  which acts both as a nuc lea t ing  
agent and as a f l u x .  The la t te r  imparts  a lower v i s c o s i t y  i n  t h e  g l a s sy  
state thereby enhancing c o a t a b i l i t y .  The c o n t r o l l e d  c r y s t a l l i z a t i o n  w a s  
made a t  h e a t  t r e a t i n g  temperatures which w e r e  determ'ined f o r  each g l a s s  
system and which are ind ica t ed  i n  Table 11. 
i n  t h e  f i r s t  system were CaSiO 
2MgO-Si02 + Na20'Al2O3*6SiO2, were a l s o  prepared t o  c r y s t a l l i z e  f o r s t e r i t e ,  
2MgO*Si02, which has  an expansion c o e f f i c i e n t  of 1O'x 10 
2 2 3  
The major c r y s t a l  phases 
Other systems, such as and NaA1Si04. 3 
-6 / " C .  
Table I1 summarizes a d d i t i o n a l  g l a s s  compositional work done 
i n  t h e  CaO-A1 0 S i0  system. Compositions 61  through 67, except  62 2 3- 2 
r ep resen t  a t tempts  t o  produce c r y s t a l l i z i n g  g l a s s e s  i n  the  CaO-A1 0 S i0  2 3- 2 
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system w i t h  Ti02 as t h e  nuc lea t ing  agent .  
was a n o r t h i t e  (CaA1 S i  0 ) .  
t a l l i z a t i o n  t h a t  took p l ace  w a s  unsu i t ab le  due t o  gross  dens i ty  d i f f e rences  
between t h e  g l a s s  and C r y s t a l l i z e d  material. Composition 66 c r y s t a l l i z e d  
very r a p i d l y  from t h e  s u r f a c e  whi le  r e t a i n i n g  i t s  dimensional s t a b i l i t y .  
This  r a p i d  uncont ro l led  c r y s t a l l i z a t i o n  prevented cons idera t ion  as a 
co a t  i n g  . 
The p r i n c i p a l  phase expected 
With t h e  except ion of  66 the  type of  crys- 2 2 8  
Glasses were next  i n v e s t i g a t e d  i n  t h e  h igh  melt ing CaO-A1 0 
Small amounts of Si02 s t a b i l i z e  t h i s  as a g l a s s  system. 
2 3  
g l a s s  system. 
Compositions 68, 69, and 70 r ep resen t  approximately s imi l a r  Ca0:Al 0 
r a t i o s  w i t h  s m a l l  v a r i a t i o n s  i n  t h e  S i 0  conten t .  These adjustments 
c o n t r o l l e d  t h e  amount of i n i t i a l  c r y s t a l l i z a t i o n  b u t  a t  1150°C 
c r y s t a l l i z a t i o n  proceeded completely. The g l a s s  system has a l i n e a r  
expansion c o e f f i c i e n t  of approximately 7.5 x 10 
2 3  
2 
-6 / " C .  
Numbers 71  through 77 r ep resen t  var ious  compositions i n  t h i s  
system which have t h e  same l i q u i d u s  b u t  d i f f e r e n t  c r y s t a l l i z i n g  phases.  
The g l a s s e s  were t e s t e d  by making b a r s ,  c r y s t a l l i z i n g  them and t e s t i n g  
them f o r  sagging between k n i f e  edges a t  1150OC. 
homogeneously wi th  a r a t h e r  coarse  g r a i n  s t r u c t u r e  a t  1150°C. 
appearance of t h e  sample ind ica t ed  it t o  be  a g l a s sy  c r y s t a l l i n e  admixture 
and t h i s  mer i ted  cons ide ra t ion  as a coa t ing .  
Number 72 c r y s t a l l i z e d  
The 
The previous ly  mentioned candida te  g l a s ses  t h a t  w e r e  developed 
f o r  glass-ceramic coa t ings  were app l i ed  t o  TD-Ni pane ls  as g l a s s  coa t ings  
and then  hea t - t r ea t ed  t o  form t h e  d e s i r e d  degree of c r y s t a l l i n i t y .  
procedure w a s  necessary  i n  o r d e r  t o  apply t h e  very r e f r a c t o r y  c r y s t a l l i n e  
coa t ings  below t h e  melt ing temperature  of t h e  metal. The method of 
s l i p  p repa ra t ion ,  app l i ca t ion ,  and fus ion  of  t h e  g l a s s  coa t ing  w a s  s i m i -  
lar t o  t h a t  p rev ious ly  descr ibed f o r  g l a s s  coa t ings .  These specimens 
w e r e  then  v i s u a l l y  eva lua ted  t o  determine the  c o a t a b i l i t y  of t he  g l a s s .  
This  
The a p p l i c a t i o n  temperatures of t hese  coa t ings  are ind ica t ed  i n  Table 11. 
A l l  of  t h e  g l a s ses  t h a t  were i n v e s t i g a t e d  as coa t ings  except T-72 w e r e  
capable  of forming adherent  5 m i l  coa t ings  on TD-Ni.  T-72 appeared t o  
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be a promising composition i n  t h e  prel iminary development work, b u t  could 
no t  be  app l i ed  t o  t h e  s u b s t r a t e  due t o  the  temperature l i m i t a t i o n s  
imposed by t h e  m e t a l .  
The g l a s s  coa t ings  w e r e  hea t - t r ea t ed  f o r  1 hour a t  t h r e e  
d i f f e r e n t  temperatures i n  o rde r  t o  ob ta in  varying degrees of c r y s t a l l i z a -  
t i on .  This  procedure w a s  requi red  i n  o rde r  t o  q u a l i t a t i v e l y  determine 
t h e  amount of c r y s t a l l i n e  material requi red  t o  o b t a i n  t h e  des i r ed  
v i s c o s i t y  and t h e  amount of g l a s sy  material requi red  t o  adhere t o  t h e  
subs t rat e. 
The h e a t - t r e a t i n g  temperatures f o r  t h e  materials t h a t  were 
i n v e s t i g a t e d  va r i ed  from 800°C t o  1100°C. These temperatures do no t  
correspond t o  t h e  optimum c r y s t a l l i z a t i o n  temperatures t h a t  were de ter -  
mined f o r  t h e  b a r  form of t h e  pure g l a s ses  due t o  t h e  change i n  t h e  g l a s s  
composition caused by t h e  r e a c t i o n  wi th  t h e  m e t a l  dur ing  app l i ca t ion .  
Table I1 i n d i c a t e s  t h e  optimum c r y s t a l l i z a t i o n  temperature of each 
coat ing.  
t h e  r e s u l t s  t h a t  were obtained.  
The Phase I1 - Prel iminary Evaluat ion Sec t ion  i n  Fig. 3 shows 
I n  genera l ,  most of t h e  coa t ings  w e r e  very poor due t o  c raz ing  
induced during formation of t h e  c r y s t a l  phase. 
t h e s e  coa t ings  i s  t h e  reappearance of t h e  g l a s sy  phase above t h e  optimum 
c r y s t a l l i z a t i o n  temperature ,  and below t h e  use  temperature.  This  ind i -  
cates t h a t  t h e  c r y s t a l l i n e  material would n o t  be  s t a b l e  a t  t h e  intended 
use temperature.  The b e s t  c r y s t a l l i z e d  coa t ing  appeared t o  be  T-54 
which does n o t  c r aze  o r  spa11 dur ing  c r y s t a l l i z a t i o n  and does n o t  have 
a reappearance of t h e  g lassy  phase when t h e  ho ld  temperature is increased  
above t h e  f u l l  c r y s t a l l i z a t i o n  temperature.  
t h a t  are underl ined i n  t h e  Phase I1 - Prel iminary Evaluat ion Sec t ion  of 
A second weakness of 
The 1 3  c r y s t a l l i z e d  systems 
Fig. 3 as w e l l  as one non-crys ta l l ized  sample of each system w e r e  s e l e c t e d  
f o r  f u r t h e r  eva lua t ion .  
mi t t ed  f o r  meta l lographic  examination. 
A c r y s t a l l i z e d  sample of coa t ing  T-54 w a s  sub- 
1 3  
C . 3  Phase I11 - Mechanically F i l l e d ,  Glass-Crystal  Admixtures 
The c o n t r o l l e d  c r y s t a l l i z a t i o n  technique has  c e r t a i n  s e r i o u s  
l i m i t a t i o n s  i n  t h a t  t h e  g l a s s  compositions must correspond c l o s e l y  t o  
t h a t  of t h e  c r y s t a l .  More o f t e n  t h i s  composition i s  no t  i n  t h e  g l a s s  
forming region.  
con t ro l l ed  c r y s t a l l i z a t i o n  i s  t h e r e f o r e  l imi t ed .  However, i t  is  p o s s i b l e  
t o  embed a c r y s t a l  phase i n  a g l a s sy  ma t r ix  by t h e  fus ion  of a g lass -  
The type  of c r y s t a l  phase which one may o b t a i n  by 
c r y s t a l  mixture.  
powdered material. The range of p o s s i b l e  combinations i s  wider i n  t h i s  
method. There are a l s o  c e r t a i n  inhe ren t  l i m i t a t i o n s  i n  t h i s  technique. 
Two of t h e  most s e r i o u s  are (1) homogeneous d i s t r i b u t i o n  of embedded 
c r y s t a l  may no t  be  obtained;  
t h e  o rde r  of 50% a t  most. A d i s t i n c t  advantage, however, is  t h a t  t h e  
c r y s t a l  may be  s e l e c t e d  f o r  i t s  expansion c o e f f i c i e n t  and mel t ing  po in t .  
I n  t h i s  i n s t ance  t h e  c r y s t a l  phase must be a f i n e l y  
(2) t h e  volume of c r y s t a l  phase may be  of 
The oxides  o r  metals t h a t  w e r e  then i n v e s t i g a t e d  as add i t ions  
t o  Glass 23 - lwere  MgO, N i ,  Si02’ A1(OH)3, C r y  Cu, W ,  Cr203, C a O ,  N i O ,  
Zr02 and Ti02. 
t o  a water s l i p  of t h e  base  g l a s s  as -325 mesh p a r t i c l e s  and s t i r r e d  
thoroughly t o  ensure  a homogeneous mixture.  Table I V  i n d i c a t e s  t h e  
v a r i e t y  of mechanically f i l l e d  g l a s s  systems t h a t  were eva lua ted  as 
high v i s c o s i t y  g l a s s  coa t ings .  
The above materials were added i n  varying percentages 
The admixtures were app l i ed  t o  two d i f f e r e n t  su r f ace  condi- 
The admixtures w e r e  e i t h e r  app l i ed  t o  pre-oxi- t i o n s  of TD-Ni pane ls .  
dized TD-Ni as a 5 m i l  t h i c k  f i l m  o r  app l i ed  as a 3 m i l  t h i c k  f i l m  t o  
TD-Ni pane ls  ground-coated wi th  a fused 2 m i l  t h i c k  f i l m  of Glass 23-1. 
The purpose of t h e  ground coa t  w a s  t o  e l imina te  t h e  poor adherence t h a t  
i s  p o s s i b l e  when non-react ive oxides  o r  metal p a r t i c l e s  are i n  con tac t  
wi th  t h e  s u b s t r a t e .  
The coa t ings  w e r e  gene ra l ly  fused a t  1316OC (2400OF) o r  
1427°C (2601’F) f o r  5 minutes i n  an a i r  atmosphere and eva lua ted  v i s u a l l y  
t o  determine t h e  s u i t a b i l i t y  of t h e  coa t ing  f o r  TD-Ni .  I n i t i a l  add i t ions  
w e r e  gene ra l ly  made a t  t h e  25 volume percent  l e v e l  and va r i ed  up o r  down 
1 4  
according t o  t h e  coa t ing  t h a t  w a s  obtained.  The coa t ing  r e s u l t s  are 
shown i n  t h e  Phase 111 - Prel iminary Evaluat ion Sec t ion  i n  Fig. 3. 
I n  genera l ,  several a d d i t i v e s  w e r e  found s u i t a b l e  f o r  pro- 
ducing h igh  v i s c o s i t y  coa t ings  on both pre-oxidized and ground-coated 
TD-Ni.  
and 50 volume percent ,  wh i l e  A1(OH)3, N i O ,  COO, and C r  metal add i t ions  
were e x c e l l e n t  coa t ings  a t  t h e  25 volume percent  level. Exce l len t  
coa t ings  w e r e  formed from both reactive and non-react ive materials. 
Reactive materials, such as S i0  combined wi th  t h e  base  g l a s s  t o  form 
a clear coa t ing .  Non-reactive materials, such as Z r O  formed opaque 2’ 
coa t ings  which cons i s t ed  of p a r t i c l e s  of t h e  oxide o r  metal bonded by 
t h e  g l a s sy  phase. 
cannot be  measured q u a n t i t a t i v e l y  b u t  t h e  inc rease  can be shown by t h e  
inc rease  i n  both t h e  f u s i o n  temperature and t i m e  t h a t  were needed t o  form 
t h e  coa t ings .  
are underl ined i n  t h e  Phase 111 - Prel iminary Evaluat ion Sec t ion  of 
T i 0 2 ,  Zr02, and S i0  were e x c e l l e n t  coa t ings  a t  both t h e  25 2 
2 )  
The inc rease  i n  t h e  bulk v i s c o s i t y  of t hese  coa t ings  
The s i x t e e n  systems which produced acceptab le  coa t ings  
Fig. 3. These samples were s e l e c t e d  f o r  f u r t h e r  eva lua t ion .  A 25% 
N i O  a d d i t i o n  on pre-oxidized TD-Ni (T-11) and a 50% Si02 a d d i t i o n  on 
ground coated TD-Ni (T-94) w e r e  submit ted f o r  meta l lographic  examination. 
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IV. TEST APPARATUS AND PROCEDURES 
Candidate coating systems which passed the preliminary 
evaluation were subjected to progressively more severe test environments. 
The coating systems were examined after each series of tests and unsuit- 
able systems were eliminated. 
follows. Six hour furnace oxidation at 1149"C, (2100°F), 1 hour torch 
at 1149"C, 1 hour centrifugal spin rig at 1149"C, 100 hour cyclic furnace 
oxidation at 1149"C, 6 hour cyclic centrifugal spin rig at 1149"C, and 
100 hour turbine simulator at 1038OC (1900°F). 
measurements were performed on four promising Phase I coating materials. 
The tests which were conducted are as 
Full range viscosity 
A. Six Hour Furnace Oxidation 
A six hour furnace oxidation test at 1149°C was used as a 
preliminary screening test for all coating systems. The purpose of the 
test was to quickly eliminate coating systems that would not be capable 
of protecting the metal for longer times and more severe enviornments. 
The 1" x 2" samples of the 13 Phase I systems, 13 Phase I1 systems, and 
16 Phase I11 systems were prepared with a 5 mil thick coating in the 
manner previously described in See. C.l. Candidate coating systems were 
evaluated in both the "as-coated'' and room temperature impacted conditions. 
Six room temperature impacts were made on the samples with a modified 
Gardner Drop Weight Impact tester. 
using a one-eighth inch diameter ball affixed to a 123 gm weight. 
weight drove the ball into the sample. The impact levels that were 
obtained varied from 0.23 in.-lb to 5.67 in.-lb. 
The test apparatus was modified by 
The 
The specimens were then attached to a Hastelloy plate with 
platinum wire and rapidly inserted into a furnace preheated to 1149°C. 
After six hours in the furnace the specimens were rapidly extracted and 
allowed to cool. Figure 4 shows the sample holder and Fig. 5 is a cut- 
away view of the oxidation furnace. 
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B. One Hour Torch T e s t  
A one hour to rch  test a t  1149°C w a s  used as a prel iminary 
screening  test  f o r  t h e  1 3  Phase I coa t ing  systems t o  observe t h e  e f f e c t s  
of low gas v e l o c i t i e s  on t h e  coa t ings .  
and Phase I11 when i t  became apparent  t h a t  t h e  test  d id  no t  d i sc r imina te  
This test w a s  no t  used f o r  Phase I1 
between coa t ings ,  Two samples each of t h e  13 Phase I systems w e r e  prepared 
wi th  a 5 m i l  t h i c k  coa t ing  i n  t h e  manner prev ious ly  descr ibed i n  Sec. 111 - 
c.1. 
A s  shown i n  Fig. 6 two 1" x 2" impacted and p l a i n  pane ls  of 
a given coa t ing  system were mounted on a s t a i n l e s s  steel  holder ,  and two 
chromel-alumel thermocouples were loose ly  a t t ached  t o  t h e  back s u r f a c e  
of t h e  specimen. 
(about 200°C p e r  minute temperature  r i s e )  and placed i n  f r o n t  of t h e  
s w i r l  burner  flame. 
The specimens were slowly i n s e r t e d  i n t o  t h e  furnace  
The specimens were re t a ined  i n  t h e  furnace  f o r  one 
hour a t  a temperature  of 1149"C, and then  they were slowly ex t r ac t ed  
from t h e  furnace  and cooled t o  room temperature  (about 111°C p e r  minute 
cool ing) .  Nominally i d e n t i c a l  test procedures w e r e  followed f o r  
specimens of each of t h e  t h i r t e e n  coa t ing  systems t e s t e d .  
C.  Cen t r i fuga l  Spin Test 
A c e n t r i f u g a l  s p i n  test at 20,000 rev/min and 1149OC w a s  used 
as a pre l iminary  screening  test and as a f i n a l  eva lua t ion  of s e l e c t e d  
coa t ing  systems. The purpose of t h e  test w a s  t o  s imula te  t h e  drag f o r c e s  
occurr ing  i n  a t u r b i n e  a t  t h e  s t a t i o n a r y  b lade  su r faces .  
cons i s t ed  of a furnace  chamber, a burner ,  and a r e t r a c t a b l e  ver t ical  a i r  
dr iven  r o t a t i n g  one inch  s h a f t .  
The appara tus  
The test samples, fou r  inch  d i s c s  coated 
only on t h e  top s i d e ,  were bo l t ed  t o  t h e  hot-end of t h e  s h a f t .  The f u e l  
used i n  t h e  eva lua t ion  w a s  n a t u r a l  gas. 
obtained by exceeding t h e  1 7 : l  s t o i ch iomet r i c  weight r a t i o  of a i r  t o  
gas.  The average excess  a i r ,  by Orsat ana lyses ,  w a s  2%. F igures  7 and 8 
show t h e  i n s i d e  of t h e  furnace  and t h e  furnace  assembled wi th  t h e  s p i n  
r i g  i n  p l a c e  and t h e  burner  r e t r a c t e d  f o r  i g n i t i o n .  
burner i s  s l i d  on l o c a t i n g  b o l t s  up t o  t h e  end p l a t e  and fas tened  i n  
p lace .  An assembly drawing of t h e  s w i r l  burner  i s  shown i n  Fig.  9. The 
Oxidizing condi t ions  w e r e  
Af te r  i g n i t i o n  t h e  
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sp inner  d r i v e  c o n s i s t s  of a n  a i r  tu rb ine ,  Model W-1,  suppl ied  by t h e  
Metal Removal Company. It i s  intended f o r  hand gr inding  opera t ions  and 
i s  r a t e d  a t  3/4 horsepower tu rn ing  a t  25,000 rpm. 
runout is  0.005" and t h e  a i r  requirement w a s  about 25 CFM a t  t h e  working 
pressure  of 90 ps ig .  
diameter d i s c  shown i s  n e a r l y  n e g l i g i b l e  and no t r o u b l e  w a s  experienced 
i n  ob ta in ing  t h e  r equ i r ed  speeds of 20,000 revlmin. The d i s c  s u r f a c e  
temperature  w a s  measured a t  t h r e e  r a d i a l  p o s i t i o n s  on t h e  r o t a t i n g  d i s c  
and found t o  vary only 6OoC from t h e  c e n t e r  t o  t h e  edge of t h e  d i s c .  
An a n a l y s i s  of t h e  stress i n  t h e  r o t a t i n g  spinning d i s c  i s  given i n  
Appendix B. 
Guaranteed maximum 
Calcula ted  a i r  f r i c t i o n  horsepower wi th  t h e  4" 
The e f f e c t  of t h e  c e n t r i f u g a l  s p i n  r i g  on g l a s s  coa t ings  w a s  
evaluated e a r l y  i n  t h e  c o n t r a c t  per iod .  
y e t  a v a i l a b l e ,  two a v a i l a b l e  g l a s s e s  of d i f f e r i n g  v i s c o s i t i e s  were 
appl ied  t o  one s i d e  of TD-Ni d i s c s .  
and spun a t  a speed of 20,000 rev/min f o r  approximately 30 minutes. 
appeared t h a t  i n  t h e  coa t ing  systems exp lo red ,  t h e  s p i n  r i g  w a s  
capable  of d i sc r imina t ing  between coa t ing  v i s c o s i t i e s .  
Since no c o n t r a c t  g l a s s e s  were 
The d i s c s  w e r e  exposed a t  1149°C 
It 
Two promising Phase I coa t ings  (T-23 and T-25) w e r e  eva lua ted  
T-23 w a s  impacted p r i o r  t o  a t  1149OC f o r  one hour a t  20,000 rev/min. 
t h e  test a t  an  impact level of 5.67 in . - lb  whi le  T-25 w a s  eva lua ted  i n  
the  "as-coated" condi t ion .  The i n i t i a l  5 m i l  t h i c k  coa t ings  w e r e  appl ied  
i n  t h e  normal manner t o  t h e  4" diameter  x .OSO" t h i c k  d i sc s .  The r e s u l t s  
are d iscussed  i n  Sec. V.C. 
D. 100 Hour Furnace Oxidat ion 
The 100 hour test cons i s t ed  of 20 one-hour and 4 twenty-hour 
exposures t o  1149OC i n  a c o n t r o l l e d  ox id iz ing  atmosphere. 
atmosphere w a s  ob ta ined  by excess  a i r  i n  t h e  combustion products  of 
Diesel f u e l  grade No.  2. The f i r s t  thermal cyc l ings  ind ica t ed  t h e  
i n i t i a l  compa t ib i l i t y  and degree of adherence between t h e  coa t ing  and t h e  
s u b s t r a t e  i n  t h e  prepared test  samples. Thermal cyc l ings  a f t e r  contin- 
ued h o t  ox ida t ion  i n d i c a t e d  t h e  e f f e c t  on adherence by changes a t  t h e  
The oxid iz ing  
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i n t e r f a c e  and i n  t h e  coa t ing  s t r u c t u r e .  
ox ida t ion  ind ica t ed  t h e  t i m e  dependent h igh  temperature  p r o p e r t i e s  of 
t h e  coa t ing  and t h e  coa t ing  t o  s u b s t r a t e  i n t e r a c t i o n s .  
The cont inued exposure t o  hot  
The se l f -hea l ing ,  by v iscous  flow, of coa t ings  s u p e r f i c i a l l y  
damaged by p a r t i c l e  impact w a s  a l s o  t e s t e d .  For t h i s  purpose9 t h r e e  
specimens from t h e  f i v e  prepared from each of t h e  f i r s t  1 6  systems w e r e  
b a l l i s t i c a l l y  impacted. Specimen Nos. 1, 2, and 3 were impacted a t  room 
temperature,  a t  927"C, and a t  1149°C re spec t ive ly .  The remaining two 
were made i n  an e lec t r ic  furnace,  and the  impact damage w a s  c o n t r o l l e d  
by t h e  p e l l e t  v e l o c i t y .  
The i n i t i a l  s i x t e e n  systems were t e s t e d  a t  1149°C i n  t h e  
oxid iz ing  furnace  f o r  a t o t a l  of 20 one hour cyc les .  
systems, t h e  b e s t  s i x  w e r e  f u r t h e r  t e s t e d  a t  1149°C i n  t h e  oxid iz ing  
furnace  f o r  an  a d d i t i o n a l  t o t a l  of 80 hours comprising f o u r  20 hour 
cyc le s  
From t h e  s i x t e e n  
E. Cycl ic  Cen t r i fuga l  Spin Test 
Four promising coa t ing  systems from t h e  c y c l i c  ox ida t ion  r e s u l t s  
were eva lua ted  i n  t h e  c e n t r i f u g a l  s p i n  r i g  a t  1149°C f o r  a maximum of 
s ix  1 hour cyc les .  
descr ibed  i n  Sec. IV.C, a t  speeds up t o  20,000 rev/min. While t h i s  test  
dup l i ca t ed  t h e  e f f e c t  ob ta ined  by ox ida t ion  t e s t i n g ,  t h e  primary purpose 
of t h e  s p i n  test w a s  t o  s u b j e c t  t h e  coa t ing  t o  v iscous  deformation by 
c e n t r i f u g a l  f o r c e s  a c t i n g  p a r a l l e l  t o  t h e  d i s c  and r a d i a l l y  from i ts  
cen te r .  
The tests w e r e  made i n  t h e  appara tus  prev ious ly  
The se l f -hea l ing  eva lua t ion  of s u p e r f i c i a l l y  impacted coa t ings  
a t  e l eva ted  temperature  i n  conjunct ion wi th  t h e  s p i n  test r equ i r ed  t h e  
cons t ruc t ion  of an a i r  d r iven  p e l l e t  impel le r .  T h i s  device  cons i s t ed  
of a b a r r e l  bored t o  accommodate a nominal 3/16 inch  p e l l e t .  
w a s  a t t ached  a t  one end t o  a n  a i r  source ,  and t h e  p e l l e t  w a s  pos i t ioned  
by means of a r e t r a c t a b l e  p i n  3 inches  from t h e  muzzle. 
temperature  tests w e r e  made by p l ac ing  t h e  impel le r  muzzle i n  a n  opening 
The b a r r e l  
The e l eva ted  
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i n  t h e  furnace  w a l l  9 inches  from t h e  pane l .  
coa t ing  damage w a s  obtained a t  a n  a i r  p re s su re  of 3 p s i .  
probably due t o  gas  turbulence ,  a p re s su re  of 10 p s i  w a s  necessary i n  
t h e  s p i n  test t o  produce t h e  same degree of damage. 
camera and a s t roboscope i t  w a s  p o s s i b l e  t o  determine t h e  muzzle v e l o c i t y  
of t h e  p e l l e t s .  
10 p s i  p re s su re  a v e l o c i t y  of 63.5 f t / s e c  w a s  obtained.  
p e l l e t  weight of 7.75 x pounds t h e  impact levels f o r  29.0 and 
63.5 f t / s e c  v e l o c i t i e s  w e r e  c a l c u l a t e d  t o  be 0.0101 and 0.0485 f t - l b s  
r e spec t ive ly .  
The des i r ed  degree of 
However 
By means of a 
A t  3 p s i  p re s su re  t h e  v e l o c i t y  w a s  29.0 f t / s e c  and a t  
From t h e  average 
F. One Hundred Hour Cycl ic  Turbine Simulator  
A s  t he  name impl ies ,  t h i s  tes t  w a s  designed t o  s imula te  a gas 
tu rb ine  environment. The drag fo rces  upon t h e  s t a t i o n a r y  coa t ing  w e r e  
s imulated by a flow of h o t  combustion products  and excess  a i r  a t  an  
average temperature  of 1038OC, a t  a v e l o c i t y  of 400 f t / s e c ,  and a t  a 
p res su re  of 5 atmospheres absolu te .  
test  passage of t h e  t u r b i n e  s imula tor  i n  a ver t ical  p lane  30" t o  t h e  
d i r e c t i o n  of t h e  gas  stream i n  o rde r  t o  s imula te  t h e  drag and p res su re  
fo rces  on t u r b i n e  b lades .  
four -s ix  hour cyc le s ,  and a d d i t i o n a l  d a i l y  cyc le s  f o r  a t o t a l  of 76 hours.  
Systems w e r e  cons t an t ly  evaluated and u n s a t i s f a c t o r y  systems were 
el iminated.  
The samples were pos i t ioned  i n  t h e  
The test w a s  conducted i n  six-one hour cyc le s ,  
A ho lder  w a s  designed f o r  t e s t i n g  f i v e  specimens s imultaneously.  
The holder  and samples were placed i n  t h e  r e t r a c t a b l e  support ing frame 
(Fig. 10)  by which means t h e  samples were introduced i n t o  t h e  test  s e c t i o n  
of t h e  passage and pos i t ioned  a t  30" t o  t h e  gas  stream. 
had a r ec t angu la r  opening t o  accommodate t h e  2 x 4-1/2 inch  opening of 
t h e  r e t r a c t a b l e  suppor t ing  frame. The i n s i d e  diameter of t h e  e x i s t i n g  
passage w a s  s i x  inches ,  and a t r a n s i t i o n  sleeve w a s  placed i n  f r o n t  of 
t h e  test s e c t i o n  t o  change t h e  6 inch  c i r c u l a r  pa th  of t h e  gas  stream t o  
a 2 x 4-1/2 inch  r ec t angu la r  p a t h  a t  t h e  test sec t ion .  The gas  stream 
temperature  w a s  monitored by 33 thermocouples. 
The test  s e c t i o n  
F igure  11 shows a t y p i c a l  
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test section, thermocouple probes, sample supporting frame and its 
retraction mechanism. Three standard passages and some of the control 
instrumentation are shown in Fig. 12. The middle passage (No. 2) was 
used in the final evaluation. 
In order to obtain a minimum gas flow to 400 ft/sec (24,000 
ft/min) it was necessary to determine first the effective opening at 
the test section. From an effective opening of 0.0487 ft it was 
3 established that the volume flow was 1170 ft /min at 1038OC and 5 
atmospheres pressure. 
3 pressure, this flow became 1320 ft /min or 1.76 lb/sec air. 
The requisite conditions were obtained by the compressor delivering a 
minimum of 1.76 lb/sec air. 
No. 2, and highly oxidizing conditions were obtained since the air flow 
far exceeded the 14:l stoichiometric weight ratio of air to oil. 
lations from air and oil flows as well as from Orsat analyses established 
2 
When adjusted to room temperature and standard 
The simulator was fired by Diesel oil grade 
Calcu- 
that the percent excess air was.220 215. 
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V. TEST RESULTS AND DISCUSSION OF RESULTS 
A. S i x  Hour Oxidat ion Tests a t  1149°C 
The 1 3  Phase I,  1 3  Phase 11, and 16 Phase I11 coa t ing  systems 
underl ined i n  Fig.  
t o  q u a l i t a t i v e l y  determine t h e  a b i l i t y  of t h e  coa t ing  t o  cover sharp  
edges,  resist s p a l l i n g ,  and p r o t e c t  the m e t a l  from oxida t ion .  
coa t ings  w e r e  a l s o  eva lua ted  f o r  t h e i r  s t a b i l i t y  and a b i l i t y  t o  resist 
flow. These r e s u l t s  are shown i n  Fig. 3. 
3 were eva lua ted  a f t e r  t h e  s i x  hour exposure per iod  
The 
A gene ra l  summary of t h e  Phase I g l a s s  coa t ing  systems t h a t  
have been developed i n d i c a t e s  t h a t  t h e  coa t ing  a t  t h e  sharp  edges i s  
i n s u f f i c i e n t  t o  p r o t e c t  t h e  m e t a l  from oxida t ion ,  t h a t  t h e  impact marks 
w i l l  r e h e a l ,  t h a t  s p a l l i n g  w i l l  des t roy  t h e  coa t ing  i n t e g r i t y  of most 
systems, and t h a t  t h e  v i s c o s i t y  i s  too low t o  wi ths tand  high aerodynamic 
shear  fo rces .  I f  t h e  edge coverage is ignored,  however, several of t h e  
g l a s sy  coa t ing  systems w e r e  promising. The most promising systems are 
T-13, T-22-2, T-23, 1-23, T-24, T-25, 1-25, and T-29. 
I n  gene ra l ,  t h e  Phase 11, glass-ceramic coa t ings  were n o t  
p r o t e c t i v e  a t  1149°C f o r  s i x  hours.  
t h i s  temperature  and t h e  coa t ing  i n t e g r i t y  w a s  destroyed.  The c r y s t a l  
phase tended t o  r e t u r n  t o  t h e  g l a s sy  s ta te  and t h e  coa t ing  tended t o  
c o l l a p s e  and become wrinkled. 
phase t o  t h e  s u b s t r a t e  a l s o  caused thermal s p a l l i n g .  
The c r y s t a l  phase w a s  not  s t a b l e  a t  
The inhe ren t  poor adherence of t h e  c r y s t a l  
The 900°C c r y s t a l l i z e d  coa t ing  of T-54 appeared t o  be the only 
system t h a t  overcame t h e  above mentioned d i f f i c u l t i e s .  
w a s  s table a t  t h e  1149°C and t h e  coa t ing  w a s  no t  prone t o  thermal s p a l l i n g .  
The c r y s t a l  phase 
Seven of t h e  Phase 111, mechanically f i l l e d  g l a s s  systems on 
TD-Ni appeared t o  
percent  a d d i t i o n s  
b e  promising. Varying metal pre t rea tments  and volume 
of N i O ,  Si02,  T i 0  and Z r O  p ro tec t ed  TD-Ni from 2 2 
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ox ida t ion  f o r  t h e  d u r a t i o n  of t h e  test .  
spa11 resistant and d i d  n o t  appear t o  have such a low v i s c o s i t y  a t  1149OC 
(2100°F) t h a t  t h e  impact marks completely rehealed.  
systems w e r e  T-92, T-93, T-94, T-119, T-121, T-123 and T-127. 
These coa t ing  systems were a l s o  
The most promising 
B. One Hour Torch T e s t  a t  1149°C 
One hour t o r c h  tests were run  on Phase I coa t ing  systems. A l l  
specimens w e r e  v i s u a l l y  examined a f t e r  t h e  test  t o  q u a l i t a t i v e l y  de t e r -  
mine t h e  a b i l i t y  of t h e  coa t ing  t o  cover sharp edges,  resist s p a l l i n g  
and p r o t e c t  t h e  metal from oxida t ion .  
f o r  t h e i r  a b i l i t y  t o  resist f low and t h e i r  s t a b i l i t y  as coa t ings .  
The coa t ings  w e r e  a l s o  eva lua ted  
Two coat ing  systems (T-15-1 and T-24) r e s u l t e d  i n  cons iderable  
s p a l l i n g  of t h e  coa t ing  on the  impacted specimens a f t e r  t h e  specimens 
were cooled t o  room temperature.  For a l l  t h e  coa t ing  systems t e s t e d ,  
t h e  impact c racks  appeared t o  b e  re-fused be fo re  t h e  s u b s t r a t e  metal had 
a chance t o  oxid ize .  Most of t h e  specimens t e s t e d  (with t h e  except ion 
of T-13) showed a tendency of s l i g h t  edge creeping,  and t h i s  e f f e c t  w a s  
g r e a t e r  when t h e  o r i g i n a l  edges contained s p o t s  of sharp  d i s c o n t i n u i t y  
o r  imperfect ion.  These r e s u l t s  were s i m i l a r  t o  t h e  ox ida t ion  r e s u l t s  
and t h e  same systems w e r e  considered t o  be  t h e  most promising. 
C. One Hour Cen t r i fuga l  Spin Rig T e s t  a t  1149OC 
Two of t h e  Phase I coa t ing  systems, T-23 and T-25, were subjec ted  
t o  c e n t r i f u g a l  s p i n  a t  20,000 rev/min and 1149OC f o r  one hour. 
i n  Figs .  13a and 13b t h e  T-23 d i s c  l o s t  most of t h e  coa t ing  except  a t  t h e  
c e n t e r  r eg ion  where temperature  w a s  about 30 t o  60°C lower than  t h e  ou te r  
edge Fig.  13a. 
t h e  d i s c  w a s  taken out  of t h e  furnace  Fig.  13b, There w a s  a l s o  evidence 
t h a t  t h e  g l a s s  on both d i s c s  had flowed during t h e  spinning cyc le ,  
i n d i c a t i n g  t h a t  t h e  v i s c o s i t y  w a s  lower than  des i r ab le .  
As shown 
T-25 behaved s i m i l a r l y  except  f o r  c e n t e r  s p a l l i n g  a f t e r  
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D. Full Range Viscosity Measurement of Candidate Glasses 
Four of the most promising Phase I glasses were sent to the 
Hartford Division of the Emhart Corporation for full range viscosity 
measurements (concentric cylinder and fiber elongation methods). These 
glasses were 13-1, 22-2, 23-1, and 25. Glass 25 could not be evaluated 
due to the temperature limitations of the testing equipment and 23-1 
devitrified during the slow heating rate. The viscosity-temperature 
relationships for the three glasses are plotted in Fig. 14 which indicates 
that the log viscosities of Glasses 13-1, 22-2, and 23-1 at the 1149°C 
(2100'F) test temperature are 4.3, 4.0, and 5.4 poises. 
viscosity of Glass 25 at 1149°C cannot be measured, the sag point 
temperature indicates that it would be considerably higher than Glass 23-1. 
It is apparent however, that the viscosity of these glasses is too low 
for turbine blade coatings unless they react with the substrate to such 
a degree that their chemical composition and hence their viscosity is 
altered e 
Although the 
E. One Hundred Hour Cyclic Furnace Oxidation at 1149OC 
A total of sixteen systems were cyclically tested by 20 one- 
hour cycles at 1149OC. These systems are underlined in Fig. 3. The 
samples were visually evaluated at the end of each cycle for spall 
resistance, coating continuity, coating stability, and metal protection. 
These results are shown in Fig. 3. The weight loss was taken every five 
hours and the samples were then photographed. 
the samples after 20 hours exposure while Table V indicates the weight 
loss data. On the basis of appearance, spall resistance, glassy phase, 
and weight loss systems 1-25, T-54, T-92, T-93, T-94, and T-119 were 
selected for further evaluation by exposure to an additional four 20-hour 
cycles e 
Figures 15 and 16 show 
After these four cycles 1-25, T-54, and T-94 were selected for 
continued evaluation. 
shown in Figs. 17-20 and Table VI. Figure 3 indicates the overall test 
results. 
The weight loss data and sample appearance are 
Since more samples of IN-100 became available at this time, 
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one new coa t ing  s u b s t r a t e  combination (1-94) w a s  included f o r  f u r t h e r  
t e s t i n g  i n  t h e  s p i n  r i g  and t u r b i n e  s imula tor ,  
A gene ra l  observa t ion  of t h e  coa t ing  systems t h a t  have been 
developed i n d i c a t e s  t h a t  they cannot p r o t e c t  t h e  m e t a l  from ox ida t ion  
f o r  one hundred hours  a t  1149OC. 
a f t e r  long i n t e r a c t i o n  wi th  t h e  s u b s t r a t e s  a t  t h e s e  temperatures ,  
Glass 25 on IN-100 (System 1-25) appeared t o  be t h e  b e s t  system as i t  
p ro tec t ed  t h e  metal f o r  80 hours.  
The coa t ings  are prone t o  s p a l l i n g  
F. Cycl ic  Cen t r i fuga l  Spin Rig a t  1149OC 
Four systems (1-25, T-54, 1-94, and T-94) w e r e  t e s t e d  as 
coated d i s c s  f o r  a t o t a l  of s i x  one-hour runs  a t  1149°C and v e l o c i t i e s  
from 20,000 t o  3,000 rpm. 
each run. 
a f t e r  two one-hour runs  r e g a r d l e s s  of s p i n  v e l o c i t y .  
They w e r e  weighed and photographed a f t e r  
With t h e  except ion  of 1-25 t h e  o the r  t h r e e  systems had f a i l e d  
It w a s  found necessary  t o  reduce t h e  s p i n  v e l o c i t y  i n  t h e  case 
of' Systems 1-25 and 1-94. 
c racks  a f t e r  coa t ing  a p p l i c a t i o n .  The d i s c  specimen f o r  1-25 cracked 
during t h e  f i r s t  one-hour run a t  t h e  r e q u i s i t e  v e l o c i t y  of 20,000 rpm. 
The cracks  i n  both  systems w e r e  p r a c t i c a l l y  i d e n t i c a l  i n  t h a t  they  
emanated from each of t h e  t h r e e  b o l t  ho les  i n  each d i s c .  Since t h e  
t a n g e n t i a l  t e n s i l e  stresses are a t  a maximum i n  t h e  reg ion  of t h e  b o l t  
ho le s  cau t ion  w a s  exe rc i sed  by reducing t h e  speed t o  approximately 3,000 
rpm. Even a t  t h e  reduced speed, some of t h e  cracks had propagated t o  
wi th in  a 1 / 4  inch  from t h e  o u t e r  edge of t h e  d i s c  by t h e  end of t h e  s i x t h  
one-hour run. 
The d i s c  specimen f o r  1-94 developed v i s i b l e  
The r e s u l t s  of t h e  s p i n  and impact tests ind ica t ed  t h a t  t h e  
b e s t  coa t ing  system w a s  1-25. 
v e l o c i t y  of only 3,000 rpm about one-third by weight of t h e  g l a s s  coa t ing  
and oxide  w e r e  l o s t  a f t e r  a t o t a l  of s i x  hours  of t e s t i n g .  
Nevertheless ,  a t  1149OC and a t  a s p i n  
Table V I 1  shows t h e  weight change wi th  each one-hour run. 
Se lec ted  photographs i l l u s t r a t i n g  t h e  e f f e c t  of t h e  t e s t i n g  are shown i n  
Figs .  21, 22, 23, and 24. F igure  3 i n d i c a t e s  t h e  o v e r a l l  r e s u l t s  of t h i s  
test. 
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G. One Hundred Hour Turbine Simulator  a t  1038°C (1900°F) 
The fou r  coa t ing  systems under cons ide ra t ion  (1-25, T-54, 
T-94, and 1-94) w e r e  t e s t e d  i n  t h e  t u r b i n e  s imula to r  a t  1038°C f o r  a 
t o t a l  of 100, 4 ,  24, and 6 hours r e spec t ive ly .  
The samples w e r e  screened i n  f o u r  tests. I n  T e s t  No .  1 f o r  
Systems 1-25 and 1-94, and i n  T e s t  N o .  2 f o r  Systems T-54 and T-94 t h e  
coa t ings  w e r e  eva lua ted  a f t e r  6 one-hour runs.  The two b e s t  systems 
1-25 and T-94 w e r e  then f u r t h e r  screened i n  T e s t  No. 3 by t h r e e  s ix -  
hour runs.  T e s t  No. 4 w a s  then conducted on the  b e s t  system, 1-25, 
f o r  an a d d i t i o n a l  76 hours  of c y c l i c  t e s t i n g  t i m e .  
t he  o v e r a l l  test r e s u l t s .  
Figure 3 i n d i c a t e s  
T e s t  No. 1 
The f i v e  samples of 1-25 and 1-94 were pos i t i oned ,  throughout 
t he  t e s t i n g  i n  t h e  o rde r  of 1-94, 1-94, 1-25, 1-25 and 1-25 from l e f t  t o  
r i g h t  f ac ing  down-stream ( f r o n t ) .  Af t e r  a t o t a l  of s i x  hours a t  1038"C, 
1-25 w a s  hard ly  a f f e c t e d  by t h e  impingement of t h e  gas  stream. The only 
except ion w a s  on t h e  f r o n t  su r f aces  ( t h e  s u r f a c e s  f ac ing  t h e  gas stream) 
which showed s l i g h t  r i p p l i n g  i n  the  coat ing.  
absent  i n  t h e  back, i n d i c a t i n g  t h a t  t h e  v i s c o s i t y  of  (Glass No. 25) may 
be too low t o  wi ths tand  t h e  v e l o c i t y  (400 f t / s e c )  and dens i ty  (5  a t m  
abs.)  of t h e  impinging h o t  gases .  
a f f e c t e d  by t h i s  impingement as ind ica t ed  by t h e  f a c t  t h a t  even t h e  back 
s u r f a c e  underwent ex tens ive  r i p p l i n g  whi le  sh i e lded  from d i r e c t  gas 
impingement. F igure  25 shows t h e  e x t e n t  of t h i s  r i p p l i n g  on t h e  back 
s u r f a c e  of  t h e  1-94 samples ( t h e  two samples a t  t h e  r i g h t ) .  
The r i p p l i n g  e f f e c t  w a s  
The 1-94 coa t ings  were much more 
T e s t  N o .  2 
The f i v e  samples of Systems T-54 and T-94 were t e s t e d  i n  the  
same manner as T e s t  No. 1. The samples w e r e  pos i t i oned  i n  t h e  o rde r  of 
T-54, T-54, T-94, T-94 and T-94. Figures  26a and 26b show be fo re  and 
a f t e r  e f f e c t s  on t h e  one-hour run. 
r i p p l i n g  i n  f r o n t  and back. 
The coa t ings  of System T-94 showed 
The coa t ings  of System T-54 on t h e  o t h e r  
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hand, were smooth b u t  changed i n  c o l o r  from whi t e  toward green. 
appearance of t h e  c o a t i n g s  a f t e r  t h e  2nd and 3rd r u n s  showed a p rogres s ive  
change i n  s t r u c t u r e .  
expense of t h e  g l a s s y  phase.  
s t r u c t u r e  change w i t h  t h e  r e s u l t a n t  f l a k i n g  of t h e  c o a t i n g  a f t e r  t h e  
t h i r d  and f o u r t h  runs  as shown i n  Fig.  37a. This  f i g u r e  a l s o  shows t h a t  
t h e  i n i t i a l  r i p p l i n g  of t h e  T-94 c o a t i n g s  on t h e  subsequent exposure had 
been more v i o l e n t l y  d i s t u r b e d .  A t  t h i s  s t a g e ,  t h e  two specimens of T-54 
w e r e  removed. I n  t h e i r  p l ace ,  two s p a r e  specimens from T-94 w e r e  used 
so as t o  ma in ta in  t h e  same gas flow p a t t e r n s  f o r  t h e  remaining t h r e e  
specimens of T-94. 
specimens are shown i n  Fig.  28. The t e x t u r e  became rougher, w i t h  l i t t l e  
coa t ing  remaining on t h e  leading-edge, and some of t h e  coa t ing  a t  t h e  
t r a i l i ng -edge  s p a l l e d  o f f .  
The 
The ceramic o r  c r y s t a l l i n e  phase inc reased  a t  t h e  
Apparently a volume change accompanied t h i s  
The r e s u l t s  of t h e  s i x  one-hour runs on t h e  three 
T e s t  No. 3 
I n  t h i s  test, t h e  t h r e e  1-25 specimens from T e s t  No.  1 and 
two specimens of T-94 from T e s t  No. 2 w e r e  used. The specimen ho lde r  
from T e s t  No. 1 w a s  used a g a i n  s o  t h a t  specimens f o r  t h e  1-25 systems 
(3,  4 and 5 p o s i t i o n s )  w e r e  n o t  d i s tu rbed .  
t h e  r e s u l t s  of t h e  f i r s t  six-hour run ,  and Figs .  30a and 30b show t h e  
r e s u l t s  of t h e  t h i r d  six-hour run. A t  t h i s  s t a g e  a l l  specimens w e r e  
t e s t e d  f o r  a t o t a l  of 24 hours.  The g e n e r a l  appearance of t h e  T-94 
specimens ( i n  p o s i t i o n s  1 and 2) w a s  poor. The c o a t i n g s  of 1-25 were 
only s l i g h t l y  a f f e c t e d .  The r i p p l e s  i n  f r o n t  became more pronounced, 
and t h e  g l a s s  a t  t h e  l e a d i n g  edges became t h i n n e r .  The c o a t i n g s  i n  t h e  
back showed some random r i p p l i n g  which w a s  a t t r i b u t e d  t o  t h e  d e f l e c t i o n  
and scatter of t h e  gas  stream from specimen t o  specimen. 
F igu res  29a and 29b show 
T e s t  No. 4 
The e v a l u a t i o n  of t h e  t h r e e  specimens f o r  1-25 w a s  continued 
i n  T e s t  No. 4 f o r  a n  a d d i t i o n a l  76 hours .  I n  t h i s  test, p e r i o d i c  
weighings w e r e  made of each specimen. The weight changes are summarized 
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i n  Table V I I I .  
a ba re  IN-100 panel  w a s  placed i n  p o s i t i o n  2 of t h e  holder .  
and 31b show t h e  f i n a l  e f f e c t  of t h e  s imula tor  t e s t i n g  a t  1038OC (1900°F). 
The specimens as shown i n  Fig.  31a are from l e f t  t o  r i g h t  1-25 
(dummy sample) IN-100, 1-25, 1-25, and 1-25. The f i r s t  1-25 specimen 
and IN-100 rece ived  76 hours  t e s t i n g  and t h e  l a s t  t h r e e  specimens were 
t e s t e d  f o r  a t o t a l  of 100 hours.  A more d e t a i l e d  view of t h e  e f f e c t s  
of t h e  test is shown i n  Fig.  32a of a r e p r e s e n t a t i v e  specimen of 1-25 
and Fig.  33, t h e  IN-100 specimen. 
A s p a r e  specimen of 1-25 w a s  placed i n  p o s i t i o n  1, and 
Figures  31a 
Visua l  and meta l lographic  examination of the 1-25 specimens 
which have been s imula to r  t e s t e d  up t o  a t o t a l  of 100 hours ind ica t ed  
t h a t  t h e  coa t ing ,  Glass No. 25, i s  stable t o  long exposure t o  1038°C. 
The f a c t  t h a t  t h e  s imulated drag and p res su re  f o r c e s  caused t h e  coa t ing  
t o  r i p p l e  ind ica t ed  t h a t  t h e  v i s c o s i t y  of t h e  g l a s s  a t  1 0 3 8 O C  w a s  too  
low. 
and y e t  capable  of r e s i s t i n g  t h e  drag and p res su re  f o r c e s  w a s  n o t  
obtained f o r  1038°C. 
The i d e a l  compromise of a v i s c o s i t y  which a l lows  f o r  se l f -hea l ing  
H. Metal lographic  Examination of Se lec ted  T e s t  Specimens 
A number of test specimens, inc luding  bo th  IN-100 and TD-Ni, 
were sec t ioned ,  e tched and examined photographica l ly  a t  500X. The 
center l ine  Knoop Hardness Numbers (KHN) a t  e i t h e r  25 o r  100 gm 
impression loads  w e r e  a l s o  determined. 
t h e  mounting and e tch ing  techniques,  the KHN f o r  the coa t ings  and sub- 
strates, and t h e  photomicrographs a t  500X are shown i n  Tables  IX-X and 
Figs.  34-44. 
The specimens t h a t  were examined, 
The coated TD-Ni specimens t h a t  w e r e  examined (T-54, T-94, and 
T-119) do n o t  e x h i b i t  any m e t a l l u r g i c a l  change a f t e r  exposure t o  either 
1038°C (1900°F) o r  1149°C (2100°F). The KHN i n d i c a t e s  t h e  coa t ing  does 
not  change t h e  hardness  of t h e  material. 
I n  gene ra l  t h e  micrographs i n d i c a t e  a very  low degree of r e a c t i o n  
between t h e  coa t ings  and TD-Ni i n  both t h e  as-coated and exposed samples. 
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It would appear that the coatings protected TD-Ni from oxidation until 
they spalled from the metal and that the limited reaction at the 
interface caused the adherence of the coating to be low enough to allow 
the low expansion coatings to spa11 from a majority of the metal. 
appearance of the coatings on TD-Ni before and after exposure reveals 
the temperature instability of the glass-ceramic, Figs.. 34,35, two-phase 
admixture, Figs. 36-39, systems as well as the reduction in the coating 
thickness of the tested samples. 
The 
The IN-100 specimens that were examined, 1-23, 1-25, 1-94, and 
bare IN-100, Figs. 40-44) showed a considerable metallurgical change in 
the complex multi-phase substrate. Coated specimens indicated that the 
complex intermetallic and carbide phases disappeared at interface during 
long-term exposure at 1149'C (Figs. 40b, 41b), but not during short-term 
exposure at 1149OC (Fig. 42a), or long-term exposure at 1038°C (Fig. 42b). 
There was no evidence of oxide penetration into the substrate for any of 
the coated specimens. The uncoated IN-100 specimen, which received only 
76 hours exposure at 1038OC, showed oxide penetration into the substrate 
as well as the disappearance of the secondary phases (Fig. 44). The KHN 
of the uncoated sample decreased at the oxide-metal interface to 262 while 
the coated sample remained relatively high at 367 to 396. 
chromium diffusion from the uncoated specimen at the interface. 
been borne out by electron microprobe. 
This indicates 
This has 
It should be noted that both the high center-line KJ3N and visual 
examination of the as-coated 1-25 system show that there is a high degree 
of reaction between Glass 25 and IN-100 at the interface and that this 
system is not prone to thermal spalling. 
1-25 (Fig. 42b) shows that the IN-100 was adequately protected by Glass 25 
from hot corrosion for the 100 hour turbine simulator test at 1038OC. A 
difference in the coating thickness between the front and back of the 
specimens indicates that the coating was fluid enough to be affected by 
the gas velocity and hence might not protect the substrate at higher 
temperatures, longer times, and higher gas velocities. 
The photomicrographs of System 
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V I .  COATING OF NASA EROSION SPECIMENS WITH GLASS 25 
A. IN-100 Specimens 
A t o t a l  o f  t e n  4" x 1" x 0.25" IN-100 e ros ion  b a r s  t o  be 
coated w i t h  g l a s s  25 w e r e  received from NASA-Lewis. The corners  and 
edges of t h e  top t h r e e  inches  of each specimen w e r e  rounded t o  fac i l i t a te  
t h e  a p p l i c a t i o n  of t h e  coa t ing .  The s a m e  top t h r e e  inches of each 
specimen w a s  then  l i g h t l y  b l a s t e d  wi th  60 mesh g r i t  t o  prepare  t h e  
s u r f a c e  f o r  g l a s s  coa t ing .  
A 5 m i l  coa t ing  of g l a s s  25 w a s  appl ied  t o  t h e  top t h r e e  
inches of  each specimen by a i r  spraying  from a -200 mesh water s l u r r y .  
The powder coa t ing  w a s  fused i n  an a i r  atmosphere a t  1286OC (2350°F) 
f o r  four  minutes followed by a t h r e e  minute fus ion  a t  1315°C (2400OF). 
The double f i r e  a t  two d i f f e r e n t  temperatures and t i m e s  w a s  necessary 
i n  o rde r  f o r  t he  g l a s s  t o  form a s t a b l e  coa t ing  wi thout  excess ive  metal 
d i s t o r t i o n  o r  i n c i p i e n t  metal mel t ing.  I f  t h e  coa t ing  contained small  
pinholes  a f t e r  t h e  i n i t i a l  f i r i n g  they were f i l l e d  wi th  s l i p  and covered 
on t h e  second f i r i n g .  Samples t h a t  were no t  s a t i s f a c t o r y  w e r e  sand- 
b l a s t e d  t o  remove t h e  coa t ing  and reprocessed. I n  genera l  t he  coa t ings  
w e r e  uniform, bu t  some p inholes  were st i l l  ev ident  due t o  the  n a t u r e  of 
t h e  metal oxide t h a t  w a s  formed during fus ion .  The d e t a i l s  of t h e  
a p p l i c a t i o n  and fus ion  procedures f o r  t h e  IN-100 specimens are shown 
i n  Table 111. 
B. B-1900 Specimens 
A t o t a l  of t e n  4" x 1" x 0.25" B-1900 specimens t o  b e  coated 
wi th  g l a s s  25 w e r e  rece ived  from NASA-Lewis. The corners  and edges of 
t hese  specimens were a l s o  rounded t o  f a c i l i t a t e  t h e  a p p l i c a t i o n  of t he  
coa t ing .  
c o n t r a c t  per iod ,  a m e t a l  p re t rea tment  had t o  be determined t h a t  would 
S ince  this  material had n o t  been i n v e s t i g a t e d  dur ing  the 
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allow t h e  a p p l i c a t i o n  of g l a s s  25. 
t r i e d  wi thout  success  as t h e  g l a s s  s p a l l e d  on cool ing  wi th  both of  t hese  
methods. A 60 second HNO :HF:H 0 e t c h  appeared t o  g ive  t h e  b e s t  r e s u l t s  
as t h e  g l a s s  f i l m  w a s  uniform and adherent .  
Sandblas t ing  and pre-oxidat ion were 
3 2 
A 5 m i l  coa t ing  of g l a s s  25 w a s  then app l i ed  t o  t h e  top  
t h r e e  inches  of each specimen by a i r  spraying from a -200 mesh water 
s l u r r y .  The powder coa t ing  w a s  fused i n  an a i r  atmosphere a t  1315°C 
(2400'F) f o r  four  minutes.  
p o s s i b l e  s i n c e  t h e  specimens were n o t  prone t o  metal deformation o r  
i n c i p i e n t  metal melt ing.  
manner. The o t h e r  f i v e  specimens w e r e  no t  acceptab le  due t o  non-wetting 
of t h e  g l a s s  f i l m  on t h e  m e t a l  oxide.  
and reprocessed wi thout  success .  The d e t a i l s  of t h e  a p p l i c a t i o n  and 
fus ion  procedures f o r  t h e  B-1900 specimens are shown i n  Table 111. 
The h ighe r  temperature and s i n g l e  f i r e  w a s  
Five acceptab le  specimens were produced i n  t h i s  
These specimens w e r e  sandblas ted  
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V I I .  SUMMARY’ OF RESULTS 
Of t h e  t h r e e  approaches toward h igh  v i s c o s i t y ,  oxidat ion-  
p r o t e c t i v e  coa t ings ,  pu re  g l a s s  coa t ings  appeared t o  be t h e  b e s t .  Even 
t h e  two phase admixture which looked promising proved t o  b e  a hybr id  
case where t h e  second phase en tered  t h e  g l a s s  network. 
It cannot b e  concluded t h a t  t h e r e  w a s  a unique a spec t  of t h e  
t e s t i n g  condi t ions  which caused f a i l u r e  i n  t h e  coa t ings .  
i n s t ance  t h e  d e t e r i o r a t i o n  of t h e  coa t ing  w a s  con t ro l l ed  by rate processes .  
Consequently, w e  e f f e c t i v e l y  examined t h e  k i n e t i c s  of t h e  f a i l u r e  mechanism 
under p rogres s ive ly  more severe condi t ions .  
I n  every 
The mode of a t t a c k  f o r  the  coa t ings  w a s  t y p i c a l l y  ox ida t ion  a t  
I d e a l  bonding is  achieved when t h e  minimum amount of oxide a weak s i te .  
necessary is  p resen t  a t  t h e  i n t e r f a c e  t o  provide a compositioned g rad ien t  
from t h e  o x i d i c  g l a s s  t o  t h e  metal. Thus, i f  t h e  coa t ing  is  thine and 
does no t  o f f e r  much of a b a r r i e r ,  o r  i f  t h e r e  is a p inhole  s i t e ,  ox ida t ion  
proceded a t  rates vary ing  inc reas ing ly  wi th  temperature.  A s  t h e  oxide 
b u i l d s  up, t h e  glass-to-metal  bond is weakened because of t h e  poor adherence 
of t h e  m e t a l  oxide i n t e r f a c e .  
an even l a r g e r  area t o  a t t a c k  and t h e  rate of d e t e r i o r a t i o n  inc reases .  
The rate of a t t a c k  is t o  a degree e f f e c t e d  by t h e  v i s c o s i t y  of t h e  g l a s s .  
Consequently, w e  expected and observed a slower rate of a t t a c k  i n  t h e  
high v i s c o s i t y  coa t ings .  
because of t h e  weakness of t h e  g l a s s  t o  metal bond a t  t h e  sharp  edges. 
The l o c a l  f a i l u r e  of t h e  coa t ing  exposes 
The r a t i o  of a t t a c k  were g r e a t e s t  a t  t h e  edges 
Because of t h e  low gas v e l o c i t i e s  i n  t h e  to rch  test, t h i s  t e s t  
d id  no t  prove t o  b e  very  d i sc r imina t ing  f o r  t h e  g l a s s  systems t e s t e d  and 
w a s  abandoned i n  favor  of t h e  s p i n  and t u r b i n e  s imula tor  tests. 
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The coat ings.which surv ived  t h e  ox ida t ion  t e s t i n g  proved t o  be  
t h e  most viscous g l a s s  (No. 21 on IN-100) and t h e  g l a s s  which r e s u l t e d  
from t h e  r e a c t i o n  and d i s s o l u t i o n  of t h e  S i 0  
These r e s u l t s  are c o n s i s t e n t  w i th  rate con t ro l l ed  and v i s c o s i t y  e f f e c t e d  
r eac t ions .  P a r t i c u l a t e  S i 0  could n o t  be  in t roduced  i n  g l a s s  25 because 
i t  would raise t h e  fus ion  temperature and t h i s  temperature w a s  a l r eady  
the  maximum p o s s i b l e  temperature  wherein IN-100 would not  d i s t o r t .  The 
g l a s s  ceramic r e s u l t s  w i l l  be  d iscussed  later.  
p a r t i c l e s  i n  t h e  23-1 g l a s s .  2 
2 
A s  w a s  expected, as t h e  condi t ions  of t h e  test became more severe 
and t h e  t i m e  of test  longer ,  t h e  rate of a t t a c k  and t h e  degree of d e t e r i o r a t i o n  
increased ,  Only t h e  most viscous g l a s s  systems surv ived  the  e a r l y  phases of 
t h e  t e s t i n g .  The e f f e c t  of c e n t r i f u g a l  t e s t i n g  w a s  t o  t h i n  t h e  coa t ings  
which shortened t h e  t i m e  f o r  breakdown of t h e  coa t ing  b a r r i e r .  
t h e  coa t ing  l i f e  t i m e s  w e r e  s o  s h o r t  t h a t  comparisons w e r e  meaningless.  
Therefore ,  t u r b i n e  s imula to r  t e s t i n g  w a s  c a r r i e d  ou t  a t  1900°F. 
A t  2100°F 
The r e s u l t s  of t h i s  t e s t i n g  showed g l a s s  25 a b l e  t o  p r o t e c t  
IN-100 f o r  100 hours from oxida t ion .  However, t h e  v i s c o s i t y  of t h e  
coa t ing  proved t o  b e  too  low as evidenced by r i p p l i n g  i n  t h e  g l a s ses .  
The g l a s s  ceramic approach f a i l e d  by two d i f f e r e n t  mechanisms, 
both t i m e  con t ro l l ed  f a c t o r s .  A t  2100°F t h e  c r y s t a l l i n e  material r eve r t ed  
t o  t h e  g l a s sy  phase whose v i s c o s i t y  i s  by n a t u r e  too low f o r  cons idera t ion .  
Thus, t h e  coa t ing  thinned t o  t h e  p o i n t  where i t  o f f e r e d  no p r o t e c t i o n .  
A t  1900°C t h e  g lassy  phase cont inuously c r y s t a l l i z e d  u n t i l  t h e  f i n a l  
coa t ing  w a s  a l l  c r y s t a l l i n e .  
i n s t a b i l i t y .  
This  produced wr inkl ing  and o v e r a l l  
Common t o  a l l  t h e s e  modes of f a i l u r e ,  i n  a l l  systems, i s  the  
f a c t  t h a t  a t  some po in t  i n  t i m e  t h e  coa t ings  are providing t h e  r equ i r ed  
p ro tec t ion .  It can t h e r e f o r e  be  seen ,  t h a t  i n  the  necessary t r a d e  o f f  
of v i s c o s i t y  f o r  a p p l i c a b i l i t y ,  l i f e t i m e s  have been s a c r i f i c e d .  Greater 
l i f e t i m e s  could be  r e a l i z e d  i f  h ighe r  a p p l i c a t i o n  temperatures were 
permiss ib le .  
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V I I I .  CONCLUSIONS 
1. Glass enamel coa t ings  may b e  app l i ed  t o  TD-Nickel, IN-100 and WI-52. 
S t rong  adherence i s  achieved i n  s p i t e  of l a r g e  thermal expansion 
mismatches. 
2.  A s i l ica te  based g l a s s  coa t ing  o f fe red  100 hour oxida t ion  p r o t e c t i o n  
i n  a t u r b i n e  s imula to r  a t  1900'F. 
3 .  Long term ox ida t ion  p r o t e c t i o n  a t  1900°F and g r e a t e r  appears 
un l ike ly  because of t he  s u b s t r a t e s  r e s t r i c t i o n s  on app l i ca t ion  
temperature.  
4 .  Coating a t t a c k  t y p i c a l l y  began a t  edges where p inhole  free coa t ing  
and good adherence is  d i f f i c u l t  t o  achieve.  
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APPENDIX A 
THEORY OF DEFORMATION OF A GLASS COATING 
The deformation i n  a t h i n  viscous l a y e r  OE t h e  surfacc! 0 ;  2. 
r . i p i ? l y  r g t a t i n z  d i s k  may be inves t iga t ed  by the  IcTavier-Stokes equa- 
t . m s  m i t t e n  up  i n  c y l i n d r i c a l  coord ina tes .  
ne;;?ected i f  a body fo rce  i s  introduced having the p o t e n t i a l  
Tbe i n e r t i a  t e r m s  ria7 5, 
The i n e r t i a  fo rce  F acts i n  the  r a d i a l l y  outward d i r e c t i o n  a t  a l l  
po in ts .  :?e keep i n  mind t h a t  v e l o c i t i e s  r e l a t i v e  t o  the  d i s k  a r e  v e r y  
low compared t r ?  ru. 
r 
Let v v v 3e v e l o c i t y  components i n  the r a d i a l ,  a x i a l  r' z' cp 
and azimuthal d i r e c t i o n s  r e l a t i v e  toaxes f i x e d  i n  the d isk .  The pr >i:- 
l e m  may 5e  t r e a t e d  a s  one of slow viscous f l o w ,  wi thout  i n e r t i a  fo rces ,  
i f  we inc lude  the  body f o r c e  Fr. 
The equi l ibr ium equat ions without  the  i n e r t i a  terms 3re as 
fo l lows  : 
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Conservation of nzss €o r  incompressible flow & i V f S ,  
= - p  +2p??? 
3 2  P- 
The h y d r o s t a t i c  pressure  p i s  tbe average of t he  nega t ivc  
Quant i ty  p j r  rr' 'qq J Pzz* values  of the v iscous  t e n s i l e  stresses p 
dynamic v i s c o s i t y  and i s  dens i ty .  
We have a s i m p l i f i c a t i o n  €or the  r o t a t i n g  d i s k  system because 
of r a d i a l  symetry. This  leads  t o  the  condi t ions  
The s i m p l i f i e d  equat ions  take  the  form: 
J 
Here, use has been made of Equation 1, and a l s o  some par t ia l  de r iva t svc  
i d e n t i t i e s  have been introduced. 
Since we dea l  wi th  a very  t h i n  l aye r  w e  may assume aleso 
The equat ions t o  be solved are then, 
s 
and the  s t r e s s e s  are given by Equations 8 and 9. 
Here w is  angular  v e l o c i t y  i n  r ad ians / sec ,  p i s  dens i ty  i n  gm/cm , p i s  
v i s c o s i t y  i n  po i ses ,  and r and z are c y l i n d r i c a l  coord ina te  d i s t ances  i n  cm.  
3 
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The boundary conditions are as follows: 
.ez z 0 fl.f sr fl 
Since &,/& is very small compared t o  b r / h z ,  the boundary condition 
f o r  shear stress p at z = h is equivalent t o  m 
Consideration of the Equation @) leads one t o  a formulation 
of a solution f o r  vr as follows, when h is constant: 
"his expression satisfies Equation (13 and boundary conditions (14) and (15). 
The 
(16) 
The 
z-component, vz, is found by integration of Equation (E') with use of 
and boundary condition (13): 
shear stress p is given by 
T Z  
A t  the  surface z = h we have 
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It is of in te res t  t ha t  vz is independent of re 
then h remains uniform, although it decreases w i t h  t i m e .  
z = h is actually dh/dt, we have from Equation (19) :  
If we start wi th  h uniform, 
Since vz at  
Integration of t h i s  equation, with use of the condition h = ho at t = 0, 
gives 
kt t* be the time required u n t i l  h = 0,5 h-. We f ind for t *  
A numerical example may be taken w i t h  
p = lolo poises 
o) = XX)O raii/sec 
p = 2.76 gm/cd 
ho = 0.015 cm 
For th i s  example 
or t* = lo5 days, 
U 
6 = 9.08 x 10 sec 
The tens i le  stresses i n  the glass layer are calculated from 
the expressions given previously: 
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A previous assumption was that p was constant. We should have 
To determine the dependence merely assumed that p was independent of r. 
of p on z, use can be made of the equation of equilibrium in the z-direction: 
substitution for vr and v, then gives 
where po is the value of p at the surface z = 0. E w e  introduce the 
expression for p (Eq. 26) into the last of Equations (2'3) we now find 
When z c h the tensile stress p, should be 
40 
where pa is atmospheric pressure. Therefore 
and 
41 
APPENDIX B 
ANALYSES OF STRESSES I N  A S P I N N I N G  D I S C  
The case of t h e  r o t a t i n g  d i s c  of uniform th ickness  has  been 
t r e a t e d  i n  s tandard  texts on s t r e n g t h  of materials. 
assume a n  elemental  volume from t h e  d i s c  and t o  set up balanced f o r c e s  
inc luding  normal and t a n g e n t i a l  components. 
It i s  customary t o  
When t h e  r e s u l t i n g  equat ion  
i s  solved and t h e  proper  boundary condi t ions  app l i ed ,  f o r  example t h e  
r a d i a l  stress must b e  zero a t  t h e  per iphery  and t h e  edge of t h e  c e n t e r  
h o l e  assuming t h a t  such a ho le  i s  p r e s e n t ,  t h e  fol lowing expressions 
r e s u l t :  
f o r  r a d i a l  stress 
where 
L 2 a  )(1+ a2 - x --) = Y V L  3 + 1 1  
r g (8 X2 
0 
and f o r  t a n g e n t i a l  stress 
2 2 1 + 3 v  2 2 ) X  + % I  
( 3 + u  X2 
y = d e n s i t y  of t h e  material 
V = p e r i p h e r a l  v e l o c i t y  
g = g r a v i t a t i o n a l  cons tan t  
1-1 = P o i s s o n q s  r a t i o  
a = a / b  ( inne r  and o u t e r  r a d i i  - f i x e d  va lues )  
X = r / b  (r is  a r a d i u s  vary ing  between a and b) 
A s  po in ted  ou t  above, t h e  r a d i a l  stress vanishes ,  a t  t h e  edges and 
becomes a maximum a t  t h e  p o i n t  r = &. A t  t h i s  p o i n t  t h e  maximum 
r a d i a l  stress becomes equat ion (1) w i t h  t h e  r i g h t  hand parentheses  
42 
2 va lue  reduced t o  (1 - a)  . Simi la r ly  t h e  maximum t a n g e n t i a l  stress 
occurs  a t  t h e  inne r  o r  h o l e  edge of t h e  d i s c  a t  t h e  po in t  r = a o r  
X = a and equat ion (2) becomes: 
I t  w i l l  become apparent  t h a t  t h e  t a n g e n t i a l  stress i n  the  d i s c  w i l l  
always be  h igher  than  t h e  r a d i a l  and t h a t  f a i l u r e  should begin a t  t h e  
edge of t h e  ho le  and propagate  a long a r ad ius  
The equat ions were solved f o r  a 4" diameter d i s c  c u r r e n t l y  
used i n  t h e  sp inner  experiments.  
ho le  and r o t a t e s  a t  20,000 RPM. The maximum r a d i a l  stress occurs  a t  
0.71" from t h e  cen te r  and has  a va lue  of 5,230 p s i .  
This  d i s c  has  a 1/2" diameter c e n t e r  
The maximum 
t a n g e n t i a l  stress is  10,700 p s i  i f  y i e l d i n g  has  no t  occurred and as 
mentioned previous ly ,  i s  found a t  t h e  edge of t h e  hole .  It drops 
r ap id ly  along t h e  r ad ius  reaching 2,380 p s i  a t  t h e  o u t e r  edge of t h e  
d i sc .  The t a n g e n t i a l  and r a d i a l  stress curves are shown i n  F igure  81. 
Some d i s t o r t i o n  of t h e  curves would occur l o c a l l y  as a r e s u l t  of t h e  
f a s t e n i n g  screws. 
The ca l cu la t ed  stresses i n  t h e  d i s c  suggested t h a t  t h e  
p r o p e r t i e s  of t h e  t h r e e  materials, i .e .  IN-100, WI-52, and TD-Nickel 
should be  checked a t  t h e  proposed ope ra t ing  temperature.  Tables of 
p r o p e r t i e s  of n i c k e l  base  a l l o y s  are given i n  t h e  I n t e r n a t i o n a l  Nickel  
Company B u l l e t i n  A-393 and from t h e r e ,  curves  of u l t i m a t e  and y i e l d  
stresses were p l o t t e d  as shown i n  F igures  82 and 83 and ex t r apo la t ed  t o  
2100'F. 
y i e l d i n g  of WI-52 might occur a t  t h e  mounting hole .  P re sen t ly ,  even 
without  cool ing ,  however, t h i s  area runs  about 75°C below test tempera- 
t u r e  s o  t h a t  a y i e l d  s t r e n g t h  of 15,000 p s i  may b e  expected. 
No problems would be  expected wi th  IN-100 o r  TD-Nickel b u t  some 
Since  i t  i s  planned t o  s p i n  t h e  d i s c s  f o r  long i n t e r v a l s ,  
a proper ty  of more s i g n i f i c a n c e  i s  t h e  100 hour r u p t u r e  s t r e n g t h ,  shown 
i n  Figure 84. These curves i n d i c a t e  t h a t  some cracking a t  t h e  h o l e  may 
be expected f o r  a l l  t h r e e  a l l o y s  and may b e  p a r t i c u l a r l y  s e r i o u s  f o r  
4 3  
WI-52 al though t h e  e x t r a p o l a t i o n  i n  t h i s  case is  a l i t t l e  quest ionable .  
There i s  even some doubt t h a t  t h e  average stress (approximately 4,700 p s i )  
o r  even t h e  stress a t  t h e  per iphery  (2,380 p s i )  could be  permit ted.  
TD-Nickel looks reasonably s a f e .  
re inforcement  of t h e  d i s c  a t  t h e  ho le  wi th  a t h i c k e r  area o r  hub may be  
ind ica t ed .  An a l t e r n a t i v e  would be i n t e n t i o n a l  cool ing.  I f  t h e  d i s c  
were cooled, p a r t i c u l a r l y  i n  t h e  reg ion  of t h e  h o l e  a thermal g rad ien t  
would r e s u l t  which would i t s e l f  i n t roduce  stresses. For example, t h e  
fol lowing r e l a t i o n  is  a v a i l a b l e  f o r  t a n g e n t i a l  stress i n  a d i sc :  
Only 
I n  case of r u p t u r e  during t h e  tes t ,  
b r 
(5 = aE [-t + -$ f t r d r  + 1 t r d r ]  2 r t b o  0 
It is  only necessary t o  determine t h e  temperature  t as a func t ion  of t h e  
r ad ius  r and t o  perform t h e  i n t e g r a t i o n .  This stress would then b e  
superimposed on t h e  o t h e r  stresses. Under some condi t ions  t h e  thermal 
stress would be  nega t ive  a t  t h e  per iphery,  tending t o  reduce t h e  t o t a l  
t a n g e n t i a l  stress i n  t h e  h o t t e s t  reg ion  ( t h e  r a d i a l  stress would s t i l l  
be  zero)  and would add i n  t h e  coo le r  reg ion  of t h e  h o l e  where t h e  
pe rmis s ib l e  stresses are now higher  and hub r e i n f o r c i n g  would b e  poss ib l e .  
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Sample Sag 
No. Ft. oc 
2 
3 
5 
6 
8-1 
8-2 
9 
11-1 
23 -1 
l3 -2 
14-1 
14-2 
1 5  -1 
15 -2 
17 
18 
19-1 
19-2 
20-1 
20-2 
21-1 
21-2 
22-1 
22-2 
23 
24 
25 
26 
27 
28 
29 
30 
840 
> 910 
775 
530 
612 
695 
> 910 
583 
632 
576 
588 
586 
683 
687 
730 
673 
595 
663 
730 
660 
650 
650 
625 
678 
706 
844 
831 
707 
660 
778 
745 
742 
TABLE I1 
COATING COMPOSITIONS 
COMPOSITION OF GLASSES (mole X) 
4.8 
10.3 
7.9 
---- 
7.8 
10 
10.0 
10.1 
9.4 
8.3 
11.3 
8.6 
9.2 
6.0 
8.0 
9.7 
6.9 
6.4 
8.0 
8.8 
9.0. 
10.2 
8.1 
7.7 
6.8 
5.5 
702 
7.6 
7.4 
7 00 
6.0 
--- 12~5 75 12.5 
8.8 --a- 77.9 2.2 
9 10 70 6 
12.5 ---- 75 12.5 
7 6 76 6 
7 6 70 6 
11.5 ---- 75 10.5 
7 10 70 3 
10 3 77 2 
4 7 75 2 
7 4 75 2 
10 5 75 3 
7 5 73 3 --- 3 77 2 
5 
5 
2 
2 
2 
5 --- 
--e 
5 --- 33 
18 --- 10 --- l o  --- l o  3 l o  
--- --- --- 
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Table I11 
METHOD OF SLIP PREPARATION FOR GLASSES AND GLASS-CERAMICS 
1. M e l t  g l a s s e s ,  water quench t o  form f r i t .  
2 .  Mix f r i t  w i t h  water and suspending agent  as below: 
F r i t  100 p a r t s  
Water 50 p a r t s  
CMC-7H* .5 p a r t s  
3 .  M i l l  i n  ceramic l i n e d  s a w  m i l l s  conta in ing  ceramic b a l l s  f o r  
24-48 h r s .  t o  o b t a i n  -200 mesh p a r t i c l e  s i z e .  
* 
Hercules  Chemical Company, Carboxy Metha lce l lu lose  
Table IV 
COMPOSITION OF MECHANICALLY-FILLED GLASS SYSTEMS 
Additive 
cu 
W 
Cr203 
coo 
N i Q  
Zr02 
2 Ti0 
Volume Percent Additives to Glass 23-1 
14.5, 25.5, 33.8, 40.5, 45.9, 50.0 
6 . 3 ,  12.8, 17.3, 21.5, 25.5, 50.0 
25, 50 
25, 50 
25, 50 
25 
10, 25 
25, 50 
25, 50 
10, 25 
25, 50 
25, 50 
52 
1-23 1 
2 
3 
4 
5 
1-25 1 
2 
3 
4 
5 
T-13 1 
2 
3 
4 
5 
T-23 1 
2 
3 
4 
5 
T-24 1 
2 
3 
4 
5 
T-25 1 
2 
3 
4 
5 
T-22 1 
2 
3 
4 
5 
T-29 1 
2 
3 
4 
5 
Table  V 
EFFECT ON WEIGHT LOSS OF 20 ONE-HOUR CYCLES OF SELECTED SYSTEMS 
I n i t i a l  
Weight 
27.3410 
27.1874 
27.7767 
28.0000 
27.5616 
26.7483 
27.3835 
27.7727 
27.4618 
27.2436 
18.5064 
18 -5092 
18.3466 
18.3453 
17.4503 
18.6273 
18.7274 
18.5030 
18.6911 
18.6169 
19.2741 
19.4014 
19.0083 
19.3257 
18.8465 
19.2865 
20.1103 
19.1535 
20.0982 
20.3707 
18.5691 
18.5564 
18.7237 
18.5257 
17.5544 
18.8000 
17.5237 
1 7  -4951 
19.4242 
19.6789 
After 
5 c y c l e s  
27 .lo36 
27.1178 
27.6067 
27.8111 
27.3771 
26.7514 
27.3870 
27.7727 
27 -4643 
27.2411 
18.4184 
18.2612 
18.2647 
18.3067 
17.4060 
18.4801 
18.3829 
17.7718 
18.2330 
17.9660 
18.0062 
18.0765 
17.6996 
18.2087 
18.1159 
19.1708 
17.9725 
18.0012 
19.4178 
18.1421 
18.4230 
18.5364 
18.6715 
18.3628 
* 17.4019 
18.6501 
17.4632 
17.4136 
18.9475 
19.3983 
A f t e r  
10 c y c l e s  
27.0554 
27.0126 
27 -5641 
27.6932 
27 -1696 
26.7514 
~ 27 -3870 
27.7710 
27.4633 
27 -2354 
18.3774 
18.1722 
18.2141 
18.2380 
17.3617 
18.2976 
18.2842 
17.7602 
17.9936 
1 7  -9558 
18.0051 
18.0697 
17.6973 
18.1635 
17.7051 
19.0643 
17.9700 
18.0013 
19.0465 
18.1383 
18.1793 
18.5234 
18 -6633 
18.3149 
17.1418 
18.5774 
17.4321 
17.3794 
18.8853 
19.2860 
A f t e r  
15 c y c l e s  
- 
26 -9660 
27.5424 
27.6270 
27.0600 
26.7531 
27.3888 
27 .7708 
27.4636 
27.2337 
18.2845 
18.1073 
18.1464 
18.1185 
17.3185 
18.2075 
18 -2744 
17.7524 
18.0700 
17.9509 
18.0032 
18 -0671 
17.6938 
18.1585 
17.6745 
19 -0632 
17.9688 
18.0006 
19.0431 
18.1357 
17.9895 
18.1114 
18.5531 
18 .OOO 
16.9433 
18.4823 
17.3937 
17.3436 
18.8273 
19.1952 
A f t e r  
20 c y c l e s  
- 
26.9408 
27.5316 
27.5697 
27.0151 
26.7516 
27.3878 
27.7684 
27.4611 
27.2305 
17.9069 
17.9593 
17.8406 
17.8015 
17.1983 
17.9240 
18.1917 
17.6825 
18.0355 
17.8693 
18.0019 
18.0636 
17.6934 
18.1440 
17.6670 
19.0623 
17.9682 
18.0006 
19.0411 
18.1341 
17.9650 
17.9634 
18.1466 
17.9360 
16.9151 
18.1805 
17.2802 
17.2456 
18.7113 
18.9787 
T o t a l  
Change 
-0.2856 
-0.2466 
-0.2451 
-0.4303 
-0.5465 
+O .0033 
+O .0043 
-0.0043 
-0.0007 
-0.0130 
-0.5995 
-0.5499 
-0.5060 
-0.5438 
-0.2520 
-0.7033 
-0.5357 
-0.9205 
-0.6556 
-0.7476 
-1.2732 
-1.3378 
-1.3149 
-1.1817 
-1.1795 
-0.2242 
-2,1421 
-1.1529 
-1.0571 
-2.2466 
-0.6041 
-0.5930 
-0.5771 
-0.5897 
-0.6393 
-0.6195 
-0.2435 
-0.2495 
-0.7129 
-0.7002 
53 
T-92 1 
.. 2 
3 
4 
5 
T-121 1 
2 
3 
4 
5 
T-123 1 
2 
3 
4 
5 
T-127 1 
2 
3 
4 
5 
T-94 1 
2 
3 
4 
5 
T-119 1 
2 
3 
4 
5 
T-93 1 
2 
3 
4 
5 
T-54 1 
2 
3 
4 
5 
Table V (continued) 
EFFECT ON WEIGHT LOSS OF 20 ONE-HOUR CYCLES OF SELECTED SYSTEMS 
I n i t i a l  
Weight 
20.4711 
19.6354 
19.9602 
19.8054 
19.3188 
19.0014 
18.5646 
18.3324 
19.7237 
18.9 208 
19.6352 
18.9114 
19.5508 
19.6146 
18.5190 
19.0926 
18.0502 
18.6172 
19.3545 
14.7907 
18.9097 
19.6768 
19.7632 
19.2360 
19.3445 
19.1418 
19.5674 
19.1213 
18.5004 
19.6083 
19.6283 
19.2490 
19.2954 
19.8010 
19.1984 
20.0464 
20.1675 
19.8918 
19.6267 
19.4656 
A f t e r  
5 cyc le s  
20.4171 
19.5502 
19.9116 
19.7026 
19.2029 
18.9816 
18.5107 
18.3093 
19.6660 
18.6428 
19.5717 
18.8196 
19.4218 
19.5575 
18.4635 
18.9457 
17.9245 
18.2014 
19.2422 
14.7409 
18.8622 
19.6418 
19.7130 
19.1891 
19.2964 
19.1475 
19.5720 
19.1255 
18.5130 
19.6125 
19.6044 
19.1958 
19.2470 
19.7518 
19.1566 
20.0428 
20.1635 
19 .89 10 
19.6230 
19.4630 
A f t e r  
10 cyc le s  
20.4125 
19 .5412 
19.9075 
19.6906 
19.1953 
18.6735 
18 -3086 
18.1976 
19.5306 
18.5614 
19.5230 
18.7 558 
19.3491 
19.4984 
18.4163 
18.8947 
17.7614 
17.9470 
19.1052 
14.5222 
18.8416 
19.6241 
19.6972 
19.1715 
19.2705 
19.1173 
19.5407 
19.0885 
18.4782 
19.5728 
19.6001 
19.1910 
19 2386 
19.7447 
19.1508 
20.0139 
20.1340 
19.8646 
19.5987 
19.4302 
54 
A f t e r  
15 cyc le s  
20.4230 
19.5703 
19.9045 
19.7128 
19.2119 
18.5585 
18.2303 
18.1291 
19.4479 
18.5693 
19.1840 
18.5658 
19.2444 
19.1971 
18.0940 
18.2436 
17.6980 
18.0573 
18.9720 
14.1762 
18.8281 
19.6074 
19.6831 
19.1663 
19.2438 
19.1926 
19.4694 
19.0500 
18.4720 
19.6230 
19.6041 
19.2069 
19.2415 
19.7572 
19.1588 
20.0287 
20.1606 
19.8952 
19.6339 
19.4633 
A f t e r  
20 cyc le s  
20.4200 
19.5771 
19.8851 
19,7194 
19.2124 
18.5767 
18.1293 
18.0491 
19.4254 
18.5869 
19.2387 
18.5939 
19.2984 
19.2283 
18.1466 
18.2970 
17.7387 
18.1085 
19 .0275 
14.2205 
18.7687 
19.5889 
19.6630 
19.1383 
19.2214 
19.1879 
19.4507 
18.8196 
18.2200 
19.6330 
19.6072 
19.2115 
19.2336 
19.7599 
19.1584 
19.9862 
20.1493 
19.8076 
19.6030 
19.4351 
T o t a l  
Change 
-0.0511 
-0.0583 
-0.0751 
-0.0860 
-0.1064 
-0.4247 
-0.4353 
-0.2833 
-0.2983 
-0.3339 
-0.3965 
-0.4175 
-0.2524 
-0.3861 
-0.3724 
-0.7956 
-0.3115 
-0.5087 
-0.3270 
-0.5702 
-0.1410 
-0.0879 
-0.1002 
-0.0977 
-0.1231 
+O. 0461 
-0.1167 
-0.3017 
-0.4864 
+O .0247 
-0.0211 
-0.0375 
-0.0618 
-0.0411 
-0.0400 
-0.0602 
-0.0182 
-0.0842 
-0.0237 
-0.0305 
Table V I  
EFFECT ON WEIGHT LOSS OF 4 20-HOUR CYCLES OF SELECTED SYSTEMS 
1-25 1 
2 
3 
4 
5 
T-92 1 
2 
3 
4 
5 
T-94 1 
2 
3 
4 
5 
T-119 1 
2 
3 
4 
5 
T-93 1 
2 
3 
4 
5 
T-54 1 
2 
3 
4 
5 
I n i t i a l  
Weight 
26.7494 
27.3974 
27.7650 
27.4567 
27.2173 
20.4255 
19.5807 
19.8951 
19.7280 
19.2032 
18.8252 
19.6007 
19.6694 
19.1225 
19.2748 
19.1880 
19.4416 
18.8140 
18.2349 
19.6340 
19.6150 
19.2166 
19.2317 
19.7601 
19.1618 
19.9868 
20.1379 
19.7909 
19.6048 
19.4313 
A f t e r  
20 hours  
26.6413 - 
27.3005 - 
27.6947 - 
27.3760 - 
27.1093 - 
20.2511 - 
19.4887 - 
19.6266 - 
19.5260 - 
18.9503 - 
18.7057 - 
19.4787 - 
19.4550 - 
18.9039 - 
18.9459 - 
19.2052 + 
19.4790 + 
18.8511 + 
17.7903 - 
19.0696 - 
19.5453 - 
19.1565 - 
19.1585 - 
19.6666 - 
19.0738 - 
19.7327 - 
19.9300 - 
19.5435 - 
19..5360 - 
19.1625 - 
A f t e r  
40 hours  
26.6003 
27.2585 
27.6014 
27.1235 
27.0180 
20.2764 
19.2515 
19.3576 
19.2075 
18.7392 
18.6989 
19.4114 
19.3302 
18.7045 
18.8556 
19.3639 
19.6355 
18.4930 
17.8831 
19.2827 
19.5011 
19.0393 
19.0795 
19.5842 
18.9515 
18.8684 
18.8366 
17.8966 
17.3996 
17.5262 
A f t e r  
60 hours 
26.4810 
27 ~ 2282 
27.5279 
26.9155 
26.9295 
19.9706 
18.8350 
19.1118 
18.8566 
18.5530 
18.6537 
19.3615 
19.0637 
18.5030 
18.5316 
19.4430 
19.7310 
18.6129 
17.9555 
19.4040 
19.4528 
18.9444 
18.9576 
19.3427 
18.7876 
18.1891 
18.1335 
18.0383 
17.5606 
17.7157 
A f t e r  
80 hours  
26.3873 
27.0733 
27.4726 
26.7780 
26.8467 
19.8789 
18.6384 
19.0649 
18.8131 
18.4761 
18.3715 
19.2374 
18.9732 
18.4532 
18.4376 
18.8225 
19.8114 
18.0450 
19.5066 
19.3143 
18.7450 
19.2607 
18.7183 
18.3378 
18.3258 
18.1725 
17.7167 
17.8674 
18.6975. 
18.7973 
Change 
-0.3621 
-0.3241 
-0.2924 
-0.6787 
-0.3706 
-0.5466 
-0.9423 
-0.8302 
-0.9149 
-0.7271 
-0.4537 
-0.3633 
-0.6962 
-0.6693 
-0.8372 
-0.3655 
+O. 3698 
-0.1165 
-0.1899 
-0.1274 
-0.3007 
-0.4716 
-0.4344 
-0.4994 
-0.4435 
-1.6490 
-1.8121 
-1.6184 
-1.8881 
1.5639 
55 
W
 
N
 
W
 
co 
0
 
I 
m
 
N
 
r
l 
?
 
h
 
m
 I I I I 
r
l 
b
 
4
- 
03 
b
 
m
 I I 
\o
 
m
 
m
 
In 
co 
m
 
m
 
In 
f
i
 
U
 
co 
m
 
-x In 
N
 
I 
H
 
0
 
m
 
\o
 
N
 
r
l 
I 
h
 
m
 
m
 
r
l 
r
l 
r
l 
r
l 
m
 
\o
 
r
l 
N
 
r
l 
r
l 
r
l 
m
 
W
 
r
l 
r
l 
r
l 
r
l 
r
l 
r\l 
In 
0
 
r
l 
r
l 
r
l 
r
l 
a3 
N
 
m
 
0
 
r
l 
r
l 
r
l 
m
 
r
l 
m
 
0
 
N
 
r
l 
r
l 
co 
r
l 
N
 
m
 
N
 
r
l 
r
l 
U
 
m
 I 
w
 
F
 
m
 
m
 
h
 
r
l 
I 
0
 
\o
 
m
 
r
l 
r
l 
r
l 
r
l 
U
 
c\t 
U
 
N
 
r
l 
r
l 
r
l 
U
 
N
 
N
 
r
l 
r
l 
r
l 
N. 
co 
co 
In 
N
 
r
l 
r
l 
r
l 
N
 
m
 
Lo 
N
 
r
l 
r
l 
r
l 
N
 
\o
 
r
l 
m
 
r
l 
r
l 
r
l 
h
. 
m
 
U
 
m
 
N
 
r
l 
r
l 
U
 
m
 I 
I3
 
W
 
m
 
m
 
W
 
N
 I 
m
 
0
 
m
 
h
 
co 
m
 
co 
m
 
\o
 
0
 
m
 
0
 
Q
\ 
a3 
m
 
N
 
m
 
m
 
a3 
0
 
4
. 
m
 
m
 
"! 
\o
 
U
 
N
 
0
 
0
 
0
 
r
l 
N
 
N
 
\o
 
m
 
0
 
0
 
r
l 
m
 
m
 
N
 
U
 
r
l 
0
 
r
l 
-x -x 4- 
m
 I 
H
 
a
 a, 
a
 a, M Y a a, a, a [II 
56 
.# 
.# 
0
 
b
 
N
 
m
 
r
l 
I 
N
 
co 
b
 
N
 
N
 
01 
N
 
b
 
U
J 
0
 
m
 
N
 
r
l 
U
J 
N
 
r
l 
m
 
N
 
N
 
N
 
In
 
r
l 
m
 
N
 
N
 
U
J 
U
 
N
 
m
 
N
 
U
J 
U
J 
In
 
m
 
N
 
N
 
Ul 
0
 
m
 
U
 
e4 
n
 
m
 
0
 
a
 
B v) In N I H v 
U
J 
b
 
b
 
v; 
0
 I 
m
 
v
)
 
U
 
r
l 
U
 
N
 
b
 
U
J 
03 
N
 
U
 
N
 
N
 
r
l 
m
 
m
 
U
 
N
 
r
l 
m
 
U
J 
m
 
U
 
N
 
m
 
r
l 
U
 
U
 
U
 
N
 
m
 
N
 
0
 
In
 
U
 
N
 
m
 
N
 
N
 
b
 
U
 
N
 
n
 
m
 
0
 
a
 
5 
U
 
Ul 
N
 I 
H
 
w
 
.# 
.# 
co 
r
l 
b
 
b
 
0
 I 
U
J 
U
 
m
 
\I3
 
m
 
N
 
m
 
U
 
U
 
m
 
m
 
N
 
e
 
4
 
co 
m
 
m
 
c\I 
03 
m
 
r
l 
0
 
e
 
N
 
N
 
U
 
b
 
9
 
U
 
N
 
U
J 
r
l 
0
 
r
l 
U
 
N
 
U
 
U
J 
U
J 
U
 
U
 
N
 
n
 
m
 
0
 
a
 
a
 &I 
m
 
In
 
N
 I 
H
 
W
 
-x UJ 
U
 
b
 
U
J 
0
 
I 
co 
U
 
N
 
r
l 
U
J
 
N
 
m
 
In
 
v
)
 
U
J 
U
J 
N
 
U
 
m
 
r
l 
b
 
U
J 
N
 
m
 
U
J 
U
 
b
 
U
J 
N
 
U
 
U
 
0
 
co 
U
J 
N
 I I 
U
 
m
 
m
 
b
 
U
J 
N
 
.
#
n
 
m
 
0
 
a
 
a
 d 
N
 
W
 
n
 
0
 
0
 
r
l 
H
 
:: W 
U
J 
N
 
4
 
U
 
0
 I 
b
 
U
 
U
J 
h
 
m
 
N
 
m
 
U
J 
co 
03 
m
 
N
 
In
 
In
 
U
 
m
 
m
 
N
 
b
 
0
 
r
l 
0
 
4
- 
N
 
r
l 
U
 
b
 
0
 
U
 
N
 I I 
m
 
b
 
b
 
r
l 
U
 
N
 
.#
 n
 
v1 
0
 
a
 
u
 rn 
r
l 
v
)
 
N
 I 
H
 
W
 
u
 
c
 M 
.d
 a, 3 
c
 M 
a
d
 
” 0 0 u C .rl a a, u 
57 
Table IX 
PREPARATION OF METALLURGICAL SAMPLES 
A. Mounting 
Mounted i n  aluminum f i l l e d  epoxy 
B. Etchant  
IN-100 Samples 
Modified Marbles So lu t ion  d i l u t e d  t o  one-half s t r e n g t h  
25 m l .  a lcoho l  
25 m l .  water 
50 m l .  conc. hydrochlor ic  a c i d  
LO g. cupr i c  s u l f a t e  
TD-Ni Samples 
3 p a r t s  hydrochlor ic  a c i d  
1 p a r t  n i t r i c  a c i d  
Di lu t ed  wi th  g lyce r ine  
58 
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